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STATEMENT  OF  PROJECT  OBJECTIVES: 

The  initial  middle  and  upper  tropospheric  cloud  studies  performed 
under  this  NASA  grant  had  multiple  objectives.  These  objectives  may  be 
summarized  as  follows:  studies  of  spatial  and  temporal  occurrence  of 

extended  middle  and  upper  tropospheric  cloud  layers;  development  of  a 
phys i cal -numer i cal  model  to  simulate  the  life  cycles  of  middle  and  upper 
tropospheric  cloud  layers;  and  the  design  of  an  observational  program  to 
study  the  physical , radiative  and  dynamical  properties  of  these  cfoud 
1 ayer  s . 


Our  initial  intent  was  to  study  the  spatial  and  temporal  extents  of 
middle  and  upper  tropospheric  cloud  layers  using  both  rawinsonde  data  and 
satellite  visible  and  infrared  i mage ry . We  successf u 1 1 y comp  1 e ted  the 
rawinsonde  summary  but  found  the  satellite  archives  available  to  be 
lacking  in  the  time  continuity  required  for  such  a study.  Section  2 
reproduces  the  results  of  the  analysis  derived  from  rawinsonde  data. 

Much  of  the  resources  of  this  grant  have  gone  into  the  development  of 
a two  dimensional  model  of  the  middle  and  upper  tropospheric  cloud  layer. 
The  two  dimensional  model  is  nearly  complete  and  has  passed  many  of  the 
required  validation  tests.  Final  validation  and  utilization  of  the  model 
is  only  a few  months  away.  Section  3,  a portion  of  a Ph . D.  thesis  being 
prepared  by  Mr.  David  Starr,  presents  a detailed  explanation  of  the  model 
and  its  development  to  date. 

One  of  the  specific  objectives  of  this  grant  was  the  design  of  an 
experimental  program  to  complement  the  climatological  and  modelling 
objectives  presented  in  Sections  2 and  3 and  referred  to  above.  Section  4 
of  this  final  technical  report  presents  the  model  design  for  such  a 
program  in  proposal  form.  This  proposal  is  being  submitted  to  NASA 
concurrently  with  this  report  with  the  aim  of  implementing  such  a program 
of  observations  within  the  next  two  years. 

Section  5 of  this  report  is  a reprint  of  a paper  published  in  Applied 
Optics  on  the  variability  of  the  radiative  properties  of  ice  clouds  across 
the  solar  wavelengths.  This  work  was  a precurser  to  the  selection  of  a 
realistic,  si mp lified  solar  radiation  algorith  for  the  two  d i mens i on a 1 
phys i cal -numer i cal  model  described  in  Section  3. 


Section  6 is  composed  o f a copy  o-f  the  Ph  . D.  thesis  of  Michael  Abel. 
Dr.  Able  is  a member  of  the  Air  Weather  Service  who  attended  Colorado 
State  University  from  1978  - 1980.  Dr.  Able,  under  the  guidance  of  the 
principal  investigator,  pursued  a research  topic  closely  identifiable  with 
the  longterm  objectives  of  the  middle  and  upper  tropospheric  cloud  grant. 
Dr.  Able  developed  an  unconventional  method  of  collecting  a climatology  of 
the  effects  of  middle  and  upper  tropospheric  clouds  on  the  radiative 
energy  budget  of  the  earth.  Cloud  height  and  a composite  area-r ad i at i ve 
property  may  be  inferred  from  his  technique  as  well.  Dr.  Able  was 
supported  under  this  grant  only  to  the  extent  of  covering  research 
expenses  such  as  computer  time,  materials,  manuscript  preparation  and 
correspondence  since  his  sal  ary  was  paid  by  the  Air  Weather  Service. 

Appendix  i of  this  report  lists  publications  and  meeting 
presentations  prepared  from  material  generated  by  research  conducted  under 
NASA  grant  5347? 
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ABSTRACT 


This  study  characterizes  the  static  environment  of  middle  and 
upper  tropospheric  clouds  as  deduced  from  rawinsonde  data  from  24  loca- 
tions in  the  contiguous  U.S.  for  1977.  Computed  relative  humidity  with 
respect  to  ice  is  used  to  diagnose  the  presence  of  cloud  layer.  The 
deduced  seasonal  mean  cloud  cover  estimates  based  on  this  technique  are 
shown  to  be  reasonable.  Over  3600  cloud  cases  qualified  for  the  analy- 
sis. The  cases  are  stratified  by  season  and  pressure  thickness,  i.e. 
thick  and  thin.  The  dry  static  stability,  vertical  wind  speed  shear 
and  Richardson  number  are  computed  for  three  layers  for  each  case,  i.e. 
the  sub-cloud  and  above  cloud  layers  and  an  in-cloud  layer  bounded  by 
the  cloud-top  level.  Mean  values  for  each  parameter  and,  in  some  in- 
stances, the  corresponding  relative  frequency  distributions  are  pre- 
sented for  each  stratification  and  layer.  The  relative  frequency  of 
occurrence  of  various  structures  is  presented  for  each  stratification, 
e.g.  increasing  static  stability  with  height  through  the  three  layers. 

The  observed  values  of  each  parameter  vary  over  quite  large  ranges 
for  each  layer.  The  observed  structure  of  each  parameter  for  the 
layers  of  a given  case  is  also  quite  variable.  Structures  correspond- 
ing to  any  of  a number  of  different  conceptual  models,  which  are  re- 
viewed, may  be  found  though  some  are  substantially  more  common  than 
others.  It  is  of  note  that  moist  adiabatic  conditions  are  not  commonly 
observed  and  that  the  stratification  based  on  thickness  yields  sub- 
stantially different  results  for  each  group.  Summaries  of  the  results 
are  included  in  the  text. 
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1.  INTRODUCTION 

This  study  attempts  to  characterize  certain  aspects  of  the  envi- 
ronment associated  with  middle  and  upper  tropospheric  stratiform  clouds. 
The  results  will  be  utilized  in  the  development  of  simple  realistic 
models  of  the  thermodynamic  energy  budgets  of  these  cloud  forms  in  a 
future  study.  The  models  will  be  used  to  investigate  the  role  of 
various  physical  processes  in  the  formation,  maintenance  and  dissipa- 
tion of  these  clouds.  The  motivation  for  studying  these  cloud  forms  is 
based  on  two  factors.  The  first  is  that  these  clouds  cover  very  exten- 
sive areas  of  the  earth  at  any  given  time.  Secondly,  clouds  are  the 
most  significant  atmospheric  constituent  affecting  the  distribution  of 
radiative  energy  loss  or  gain  in  the  earth-atmosphere  system.  In  other 
words,  relative  changes  in  cloud  cover  or  cloud  optical  depth  within  a 
typical  atmospheric  column  may  lead  to  larger  changes,  both  in  the 
vertical  distribution  of  net  radiative  energy  gain  within  that  column 
and  in  the  corresponding  surface  radiative  budget,  than  do  similar 
relative  changes  in  the  concentration  of  any  other  constituent,  (e.g. 
Starr,  1976).  Middle  and  upper  tropospheric  clouds  tend  to  more  sub- 
stantially alter  the  vertical  distribution  of  net  radiative  energy  gain 
than  low  level  clouds,  (e.g.  Starr,  1976).  The  horizontal  and  vertical 
gradients  of  the  net  radiation  budget  comprise  the  basic  forcing  func- 
tion governing  the  general  circulation  of  the  atmosphere. 

Much  attention  has  been  focused  on  the  simulation  of  the  general 
circulation  and  climate  modelling  in  recent  years,  (e.g.  U.S.  Committee 
for  the  6ARP,  1978).  A number  of  general  circulation  models  have  been 
developed  by  various  groups,  (see  reviews  by  ISCU,  1974  and  Starr  and 
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Cox,  1977).  The  sensitivity  of  such  models  to  variations  in  both  the 
prescription  of  radiatively  active  constituents  and  radiative  boundary 
conditions  and  in  the  formulation  of  the  specific  radiative  scheme  is 
well  documented,  e.g.  Stone  and  Manabe,  1968;  Washington,  1971; 
Schneider,  1975,  Fels  and  Kaplan,  1975;  Schneider  ejt  al_,  1978.  Numer- 
ous simple  energy  balance  climate  models  have  also  been  developed,  e.g. 
Budyko,  1969;  Sellers,  1969.  The  model  simulations  of  mean  climate 
state  and  its  variability  are  also  quite  sensitive  to  the  radiative 
component,  e.g.  Budyko,  1969;  Sellers,  1969;  Warren  and  Schneider, 

1979;  Coakley,  1979.  Based  upon  the  above  studies,  it  is  expected  that 
the  method  of  incorporating  the  effects  of  middle  and  upper  tropospheric 
cloud  forms  into  the  climate  simulations  has  a significant  effect  on  the 

results.  However,  the  methods  of  incorporating  the  effects  of  strati- 
form clouds  in  these  models  are  generally  of  a very  simple  nature. 

The  least  complex  methods  utilize  estimates  of  mean  climatological 
cloudiness  and  coarse  estimates  of  mean  cloud  radiative  properties  to 
prescribe  these  factors  for  the  radiative  component  of  the  model.  The 
most  sophisticated  methods  utilize  the  model  predicted  relative  humid- 
ity to  predict  the  cloud  cover  but  still  employ  estimates  of  mean 
radiative  properties.  The  method  of  predicting  stratiform  cloud  cover 
is  generally  based  on  an  empirically  derived  linear  relationship  be- 
tween relative  humidity  and  cloud  cover.  Typically,  the  relationship 
used  is  similar  to  that  reported  by  Smagorinsky,  (1960),  which  was 
based  on  analysis  of  synoptic  data.  A requirement  for  sufficiently 
large  and  positive,  model  predicted,  large-scale  vertical  velocity  is 
also  typically  used  to  constrain  the  diagnosis  of  cloud  cover. 
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The  reason  for  utilizing  such  simple  methods  for  the  diagnosis  of 
cloud  cover  and  cloud  properties  in  these  models  is  two-fold.  First, 
simplicity  is  highly  desirable  in  order  to  minimize  the  computational 
requirements  for  the  simulations.  This  is  particularly  true  for  the 
general  circulation  models.  The  limited  computational  capability  avail- 
able for  model  simulations  dictates  the  use  of  parametric  diagnosis  of 
stratiform  cloudiness,  since  the  horizontal  and  vertical  resolution  of 
the  models  is  limited.  Secondly  and  more  importantly,  quantitative 
information  on  both  the  actual  areal  extent  and  variability  of  such  . 
clouds  and  their  associated  radiative  properties  in  the  atmosphere  is 
sparse.  Possible  relationships  between  these  quantities  and  other 
observable  atmospheric  parameters  are  even  less  well-known.  On  a more 
fundamental  level,  the  basic  physics  of  these  clouds  is  not  well  under- 
stood. Relationships  between  the  role  of  various  physical  processes 
and  the  physical  environment  in  which  they  act  have  not  been  quantita- 
tively assessed  in  any  universal  sense  though  a few  limited  case 
studies  have  been  reported,  e.g.  Heymsfield,  1977.  These  issues  have 
been  addressed  in  the  report  of  the  JOC  AD  HOC  Working  Group  on  activa- 
tion of  the  STRATEX  Programme  (7  January  1977).  The  aim  of  this  study 
is  to  provide  quantitative  information  which  will  aid  in  achieving  a 
better  understanding  of  the  atmospheric  environment  associated  with 
these  cloud  forms,  the  role  of  various  physical  processes  in  the  life- 
cycle  of  these  clouds,  and  their  areal  extent. 
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2.  DATA  ANALYSIS  METHODOLOGY 

By  utilizing  synoptic  scale  rawinsonde  data  this  study  investi- 
gates the  static  stability  and  the  vertical  wind  shear  associated  with 
middle  and  upper  tropospheric  clouds.  In  this  way  the  relative  appli- 
cability of  a number  of  simple  conceptual  models  may  be  assessed. 

These  conceptual  models  are  summarized  below. 

2.1  Brief  Review  of  Conceptual  Models 

The  classical  view  of  the  environment  associated  with  these  cloud 
forms  is  depicted  in  Figure  1.  In  this  view,  the  clouds  are  formed  in 
an  upgliding  air  mass  above  an  elevated  frontal  zone.  Vertical  motion 
is  positive  above  the  frontal  surface  and  negative  below  it.  Adiabatic 
cooling  due  to  lifting  of  the  air  mass  is  responsible  for  the  existence 
of  large-scale  saturation.  The  stability  of  the  cloud  layer  is  deter- 
mined by  its  pre-condensation  stability  and  the  amount  of  lifting. 
Sufficient  lifting  of  a layer,  which  is  initially  only  moderately 
stable,  will  produce  unstable  conditions.  Once  an  unstable  layer  is 
produced,  the  tendency  is  for  this  layer  to  deepen,  especially  if  the 
lifting  persists.  Since  the  vertical  motion  in  the  lifted  air  mass  is 
greatest  near  the  frontal  zone,  the  cloud  layer  will  generally  form 
just  above  the  front.  Thus,  the  cloud  layer  is  bounded  below  by  a 
very  stable  layer.  If  unstable  conditions  are  achieved,  then  vertical 
convective  circulations  may  develop  as  in  altocumulus  clouds.  These 
circulations  are  generally  presumed  to  be  weak,  though  Heymsfield 
(1977)  reports  that  this  may  not  always  be  the  case.  Strong  vertical 
shear  of  the  horizontal  wind  is  anticipated  across  the  frontal  zone 


Figure  1. 


Classical  model  of  the  environment  associated  with  middle 
and  upper  tropospheric  clouds.  Arrows  indicate  air  motion 
relative  to  the  front. 
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below  the  cloud  layer.  This  was  found  in  a study  by  Reuss  (1967)  of 
cirrus  bands  formed  along  frontal  surfaces. 

Another  viewpoint  may  be  found  in  the  observations  reported  by 
Ludlam  (1947,  1956),  Oddie  (1959),  Yagi  (1969),  and  Heymsfield 
(1975a, b).  These  studies  report  on  the  atmospheric  environment 
associated  with  a few  cirrus  uncinus  cloud  cases.  A very  unstable 
layer,  i.e.  an  approximately  dry  adiabatic  lapse  rate,  is  associated 
with  the  formation  of  a cloud  head.  A stable,  capping  layer,  which 
may  correspond  to  a frontal  zone  is  sometimes  observed.  However,  there 
is  some  disagreement  about  this  being  a universal  feature.  Another 
stable  layer  bounds  the  formative  region  from  below,  and  again,  there 
is  disagreement  about  the  stability  of  this  layer.  Heymsfield's  ob- 
servations show  this  layer  to  be  very  stable,  while  Yagi's  observations 
show  it  to  be  slightly  more  stable  than  the  formative  zone.  Thus,  in 
one  instance,  the  environmental  conditions  may  correspond  to  the 
classical  view,  except  possibly  for  the  stable  capping  layer,  while 
in  another  the  presence  of  a sub-cloud  frontal  zone  is  not  indicated. 
Heymsfield  points  out  that  vertical  shear  of  the  horizontal  wind  speed 
appears  to  be  important  in  the  formation  of  these  clouds,  though  either 
positive  or  negative  shear  may  be  present.  Heymsfield  also  notes  that 
the  local  vertical  motion  field  responsible  for  the  formation  of  the 
cloud  may  be  due  to  wave  motion,  i.e.  gravity  waves,  originating  in 
the  bounding  stable  layer.  If  this  is  correct,  then  large-scale  verti- 
cal lifting  may  not  be  required  for  cloud  layers  to  form.  There  is 
also  some  question  as  to  the  origin  of  these  structures. 

It  is  also  possible  that  in  the  later  stages  of  the  life-cycle  of 
an  elevated  frontal  zone,  when  its  stability  has  been  diminished  by 
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di ffusion  and  turbulence,  that  simple  mixing  across  the  front  of  warmer, 
moist  air  from  above  and  cooler,  not  too  dry  air  from  below  may  lead 
to  saturation  and  condensation.  This  would  be  somewhat  analogous  to 
the  formation  of  radiation  fog.  Both  vertical  shear  and  stability 
would  tend  to  be  maximized  within  the  cloud  layer  relative  to  condi- 
tions above  or  below  the  cloud.  No  large-scale  lifting  would  be  re- 
qui red. 

Persistence  of  clouds  formed  by  outflow  from  deep  convection  may 
also  be  responsible  for  the  existence  of  extensive  cloud  layers.  This 
may  be  readily  observed  in  satellite  photos.  In  this  instance,  large- 
scale  uplift  may  not  be  involved  in  the  maintenance  of  the  cloud. 

There  is  probably  a strong  tendency  for  a stable  capping  layer  since 
such  a feature  could  play  a role  in  initiating  the  outflow. 

Upper  level  stratiform  clouds  are  not  always  directly  associated 
with  frontal  discontinuities.  Orographic  cloud  forms  are  a prime  ex- 
ample, (e.g.  Ludlam,  1956).  In  this  case,  the  vertical  motion  field 
is  not  due  to  large-scale  uplift  but  to  the  flow  adjusting  to  an 
impedence  below.  Condensation  brought  about  by  adiabatic  cooling 
destabilizes  the  region  about  cloud  base  and  stabilizes  the  region 
above  cloud  top,  relative  to  the  situation  at  these  levels  before 
lifting.  The  stability  of  the  internal  portions  of  the  cloud  layer 
is  a function  of  the  pre-lifted  stability  and  the  amount  of  lifting, 
i.e.  larger  amplitude  waves  produce  greater  instability.  Quite  large 
vertical  shears  may  be  associated  with  the  region  below  the  cloud 
layer  as  indicated  by  the  presence  in  many  instances,  of  extreme 
turbulence  and  rotor  clouds  in  this  region.  Another  example  may  be 
the  jet  stream  cirrus.  Although  in  some  instances,  these  clouds  are 
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undoubtedly  associated  with  the  elevated  frontal  zones  coupled  with 
jet  streams,  Conover  (1960)  suggests  that  they  may  be  driven  by  verti- 
cal circulations  arising  from  horizontal  vortices  due  to  the  jet  flow. 
Though-  the  cloud  patterns  are  observed  to  closely  parallel  temperature 
discontinuities,  which  are  probably  associated  with  old  fronts,  in  some 
cases  they  are  observed  to  exist  well  above  these  discontinuities.  1 The 
tropopause  may  act  as  a stable  capping  layer  for  these  clouds.  The 
magnitude  of  the  vertical  shear  of  the  horizontal  wind  should  be  a 
minimum  near  the  region  of  cloud  top. 

Clouds  do  form  in  a lifted  air  mass  well  above  the  frontal  zone. 
This  is  substantiated  not  only  by  Conover's  observations,  but  also  by 
the  conmonly  observed  growth  of  jet  contrails  into  cirrus  layers.  Thus, 
lifting  may  produce  saturation  well  away  from  the  front.  Heymsfield 
(1977)  has  noted  that  local  upward  vertical  velocities  play  a large 
role  in  the  formation  of  these  clouds.  However,  since  the  lifting  is 
weak  away  from  the  front,  and  the  jet  induced  vortical  circulations 
may  not  always  be  present,  it  may  be  hypothesized  that  clouds- of  these 
types  form  in  layers  where  the  air  was  initially  somewhat  unstable  so 
that  convective  currents  might  form. 

One  feature  of  all  the  stratiform  clouds,  which  is  universal,  is 
that  condensation  acts  to  destabilize  the  region  about  cloud  base  and 
stabilize  the  region  above  cloud  top. 

2.2  The  Basic  Data  Set 

For  these  analyses,  rawinsonde  data  from  24  continental  U.S. 
stations  for  the  year  1977  were  used.  The  stations  were  chosen  so 
that  a roughly  uniform  geographical  distribution  over  the  continental 
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U.S.  between  30°N  and  50°N  latitude  was  obtained.  These  stations  are 
depicted  in  Figure  2.  Only  0000  and  1200  GMT  sondes  were  used.  Thus, 
the  total  basic  data  set  is  comprised  of  M7,500  sondes.  The  National 
Center  for  Atmospheric  Research  provided  the  basic  rawinsonde  data  on 
mass  storage  for  easy  access  by  computer.  The  data  from  a particular 
sonde  are  comprised  of  the  temperature,  relative  humidity,  geopotential 
height,  wind  direction  and  wind  speed  at  various  pressure  levels.  All 
standard  pressure  levels,  i.e.  50  mb  resolution,  and  all  significant 
levels  are  included  in  the  basic  rawinsonde  data.  For  this  data  set, 
the  mean  vertical  resolution  is  ^30  mb  for  the  domain  of  interest,  i.e. 
surface  level  up  to  the  200  mb  level. 

2.3  Data  Processing  and  Analysis  Procedures 

For  the  purposes  of  these  analyses,  an  atmospheric  layer,  which  is 
saturated  with  respect  to  ice,  is  taken  to  be  a cloud  layer.  The 
justification  for  this  assumption  is  given  in  the  following  section. 

At  that  point,  the  validity  of  utilizing  rawinsonde  measured  relative 
humidity  for  these  analyses  is  also  assessed. 

The  basic  data  set  was  divided  into  seasons.  In  this  study,  the 
summer  season  corresponds  to  the  months  of  June,  July  and  August;  the 
fall  season  corresponds  to  the  months  of  September,  October  and 
November;  the  winter  season  corresponds  to  the  months  of  December, 
January  and  February;  and  the  spring  season  corresponds  to  the  months 
of  March,  April  and  May.  All  data  for  each  season  for  all  stations 
were  grouped  together,  i.e.  no  regional  analysis  or  time  of  day  dis- 
tinctions were  attempted.  Regional  characteristics  of  the  overall  data 
set  will  be  addressed  in  a future  study  already  in  progress.  Each 


Figure  2.  Geographical  distribution  of  National  Weather  Service 
rawinsonde  stations  used  for  this  study. 
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sonde  in  a seasonal  group  was  considered  to  determine  if  a cloud  layer 
was  present. 

For  these  analyses,  only  data  at  pressures  less  than  or  equal  to 
500  mb  were  considered.  There  is  one  exception  to  this,  which  will  be 
noted  later.  In  addition,  only  data  at  pressures  less  than  the  lowest 
pressure  having  a temperature  greater  than  0°C  were  considered.  Thus, 
this  study  is  limited  to  high  level  clouds,  which  are  predominantly 
ice-phase.  Relative  humidity  data  at  temperatures  less  than  -40°C  do 
not  exist  in  the  basic  data  set.  The  analysis  for  a particular  sonde 
was  terminated  at  this  level. 

List  (1966)  presents  values  for  the  ratio  of  the  saturation  water 

vapor  pressure  with  respect  to  water  to  the  saturation  vapor  pressure 

with  respect  to  ice  as  a function  of  temperature,  T.  These  data  are  a 

good  approximation  to  the  ratio  of  the  relative  humidity  with  respect 

to  ice,  RH.,  to  the  relative  humidity  with  respect  to  water,  RH  I . The 
1 w 

data  were  fit  with  a second  order  polynomial.  These  data  and  the  poly- 
nomial fit  are  presented  in  Figure  3.  At  each  data  level  considered, 
this  polynomial  was  used  to  compute  the  relative  humidity  with  respect 
to  ice  from  the  observed  temperature  and  relative  humidity.  Note  that 
the  observed  relative  humidity  is  referenced  to  water  and  that  the  data 
being  considered  correspond  to  temperatures  between  0°C  and  -40°C. 

For  each  sonde,  all  data  levels  in  the  pressure  and  temperature 
domain  noted  above,  were  searched  for  saturation  with  respect  to  ice, 
i.e.  RH..  > 100%.  Any  saturated  layer  was  denoted  as  a cloud  layer. 

If  only  one  saturated  level  was  found,  it  was  still  considered  to  be  a 
cloud  layer.  If  saturation  was  found  at  the  lowest  data  level  in  the 
analysis  domain,  the  analysis  domain  was  extended  in  order  to  locate 
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Figure  3.  Plotted  points  represent  the  ratio  of  the  saturation  water 
vapor  pressure  with  respect  to  a water  surface  to  the 
saturation  water  vapor  pressure  with  respect  to  an  ice 
surface  as  a function  of  temperature  (after  List,  1966). 

The  plotted  curves  correspond  to  the  approximation  employed 
in  this  study  for  the  ratio  of  relative  humidity  with 
respect  to  ice  to  relative  humidity  with  respect  to  water, 
i.e.  RH.  / RHw,  and  its  inverse. 
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cloud  base,  i.e.  the  lowest  saturated  level  below  the  500  mb  or  0°C 
level  without  any  intervening  unsaturated  levels.  If  positive  tempera- 
tures were  encountered  in  the  attempt  to  locate  cloud  base,  then  the 

observed  values  of  RH  were  used  to  test  for  saturation,  i.e.  RH  > 

w w 

100%  for  T > 0°C. 

When  a cloud  layer  was  determined  to  be  present,  three  layers  were 
defined  for  these  analyses.  They  are  the  over-cloud  layer,  the  cloud- 
top  layer  and  the  sub-cloud  layer.  The  over-cloud  layer  is  defined  by 
the  uppermost  saturated  level  and  the  next  higher  level,  which  is  un- 
saturated. The  cloud- top  layer  is  defined  by  the  uppermost  saturated 
level  and  the  next  lower  level,  which  may  not  be  saturated  if  only  one 
saturated  level  was  encountered.  In  most  cases,  at  least  two  adjacent 
saturated  levels  were  found.  Note  that  the  over-cloud  layer  and  the 
cloud- top  layer  share  a common  boundary.  The  sub-cloud  layer  is  de- 
fined by  the  lowest  level  at  which  saturation  is  found,  i.e.  no  in- 
tervening unsaturated  levels  between  this  level  and  the  cloud-top 
level,  and  the  next  lower  level,  which  is  unsaturated.  However,  in 
the  case  of  a cloud  layer  which  is  defined  by  only  one  saturated  level, 
the  sub-cloud  layer  is  defined  to  be  the  layer  adjacent  to  and  below 
the  cloud-top  layer.  If  any  data  were  missing,  i.e.  T,  RH  , height, 
wind  direction  or  wind  speed,  for  the  levels  needed  to  define  these 
layers,  the  case  was  eliminated  from  the  analyses.  For  each  of  these 
three  layers,  three  quantities  were  computed,  namely:  the  dry  static 

stability,  the  vertical  shear  of  the  horizontal  wind  speed  and  the 
atmospheric  analog  of  the  Richardson  number. 

Dry  static  stability,  o,  corresponds  to  the  vertical  derivative 
of  potential  temperature,  0,  i.e. 
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(2.1) 


where  z is  the  height.  The  potential  temperature  is  given  by  Poisson's 
equation : 


-K 


where  P is  the  pressure,  PQ  is  a constant  reference  pressure  and  k is 
a constant.  Equation  (2.1)  was  evaluated  for  a given  layer  as: 


a = 


(2.2) 


where  F is  the  temperature  lapse  rate  for  the  layer,  is  the  dry 

adiabatic  lapse  rate  and  P is  the  mean  layer  pressure.  If  the  upper 
level  of  a layer  is  denoted  as  the  n—  level  and  the  lower  level  of  a 
layer  is  denoted  as  the  (n-1)—  level,  the  formulae  used  to  evaluate 
Eqn.  (2.2)  are: 


and 


r = 


(T  , - T ) 
n-1  n 

z - z , 
n n-1 


P = 


(P  + P ,) 
n n-1 
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where 


= 9.8  °K/km, 
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P = 1000  mb 

o 


and 


0.288 


where  g is  the  acceleration  due  to  gravity,  Cp  is  the  specific  heat  of 
dry  air  at  constant  pressure  and  is  the  real  gas  constant  for  dry 
air.  The  dry  static  stability  is  a measure  of  the  stability  of  parcels 
within  a layer  to  small  vertical  displacements.  It  quantifies  the 
potential  buoyancy  force  acting  on  a parcel.  A more  accurate  measure 
of  the  stability  might  be  obtained  by  also  considering  the  vertical 
derivative  of  equivalent  potential  temperature,  0 , (e.g.  Hess,  1959). 
However,  for  the  temperature  domain  of  this  data  set  with  its  corre- 
spondingly small  values  of  the  saturation  vapor  pressure,  0g  very 
nearly  equals  0.  Thus,  dry  static  stability  is  a good  approximation 
to  the  stability  in  this  domain. 

The  vertical  shear  of  the  horizontal  wind  speed,  S,  for  a layer 
was  computed  as: 


S 


(2.3) 


where  | v^  | is  the  horizontal  wind  speed  at  pressure  level  n.  Wind 
direction  has  been  ignored  for  the  consideration  of  vertical  wind 
shear  in  this  study.  A number  of  detailed  case  studies  of  extensive 
altostratus  and  cirrostratus  cloud  layers  by  one  of  the  authors  led 
to  the  conclusion  that  directional  shear  is  generally  small  even  in 
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the  vicinity  of  elevated  fronts  associated  with  the  cloud  layers  con- 
sidered. It  is  for  this  reason  because  of  a desire  for  simplicity  in 
the  analyses  that  wind  direction  is  not  considered  here. 

The  Richardson  number,  R,  for  a layer  was  computed  as: 


R 


(2.4) 


where  the  mean  layer  potential  temperature  is  given  by: 
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The  Richardson  number  is  a non-dimensional  number,  which  corresponds 
to  a ratio  of  the  buoyancy  forces  to  the  mechanical  forces,  i.e.  shear 
stress,  acting  on  a parcel.  It  is  a measure  of  the  production  and 
dissipation  of  turbulent  kinetic  energy.  Large  values  of  R imply  that 
turbulent  kinetic  energy  is  quickly  damped,  i.e.  dissipated,  in  the 
mean  flow.  Small  values  of  R,  i.e.  R < ^ 0.25,  imply  that  the  turbu- 
lent kinetic  energy  imbedded  in  the  mean  flow  is  maintained  by  the 
mean  flow,  i.e.  production  is  greater  than  or  equal  to  dissipation. 
Clear  air  turbulence  occurs  when  a small  Richardson  number  is  observed 
for  the  mean  flow. 

We  chose  to  analyze  these  parameters  for  a number  of  reasons. 
First,  they  are  easy  to  compute  and  readily  accessible  from  the  basic 
data  set.  Second,  they  enable  the  identification  of  typical  atmo- 
spheric structures,  which  may  be  associated  with  these  cloud  forms, 
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e.g.  frontal  zones,  on  an  automated  basis.  This  eliminates  the  need  to 
analyze  weather  maps,  which  would  greatly  increase  the  difficulty  and 
time  required  to  accomplish  a survey  as  extensive  as  this  one.  Third, 
they  characterize  the  static  environment  associated  with  these  layers. 
Note  that  the  importance  of  horizontal  advective  processes  in  the  life- 
cycle  is  currently  being  evaluated  with  this  data  set.  Fourth,  know- 
ledge of  the  typical  static  stability  structure  associated  with  cloud 
forms  is  very  useful  in  the  design  of  simple  thermodynamic  budget 
models  of  stratified  cloud  layers,  e.g.  Schubert  (1976)  and  Albrecht, 
et  al_  (1979).  Also,  information  on  the  turbulent  kinetic  energy  budget 
of  a cloud  layer  is  important  for  design  and  closure  of  parametric 
models  of  convective  energy  transports  within  a layer. 

For  each  layer  for  each  season,  frequency  distributions  were  ob- 
tained for  each  parameter.  Mean  values  and  standard  deviations  were 
also  computed.  Structure  information  was  compiled  based  on  comparison 
of  the  values  for  each  layer  of  a particular  cloud  case.  Many  differ- 
ent stratifications  of  the  cloud  case  data  set  were  attempted.  Most 
turned  out  to  be  not  very  useful.  However,  stratifying  the  data  on 
the  basis  of  thickness  of  the  cloud  layer  did  provide  some  interesting 
results.  Thin  cloud  layers  were  defined  to  be  less  than  or  equal  to 
50  mb  thick,  otherwise  the  cloud  case  was  regarded  as  a thick  cloud 
layer.  The  50  mb  thickness  criterion  was  chosen  because  this  is  the 
minimum  resolution  of  the  basic  data  set  and  because  it  was  felt  that 
it  might  adequately  discriminate  between  the  fair  weather  thin  cirrus 
and  the  strongly  forced  deep  clouds  associated  with  cyclones.  In  this 
way,  it  was  hoped  to  distinguish  between  cases  which  might  best  corre- 
spond to  the  classical  model  and  those  which  might  best  be  described 
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by  other  conceptual  models.  The  results  of  these  analyses  are  pre- 
sented in  Section  3. 

2.4  Rawinsonde  Observed  Relative  Humidity  and  Cloud  Cover 

In  this  section,  the  validity  of  utilizing  relative  humidity  data 
from  standard  rawinsondes  for  the  diagnosis  of  cloud  layers  is  con- 
sidered. 

Humidity  data  from  standard  National  Weather  Service  rawinsondes 
for  ambient  temperatures  in  the  range  of  0°C  to  -40°C  are  commonly  re- 
garded as  having  large  inherent  errors,  especially  at  the  colder  tem- 
peratures. However,  substantial  improvements  in  the  basic  design  of 
the  sonde  and  the  humidity  element  itself  have  been  made  in  recent 
years.  Reports  by  Brousaides  (1973)  and  Brousaides  and  Morrissey 
(1974),  hereafter  referred  to  as  MB,  present  a synopsis  of  potential 
errors  in  the  redesigned  sonde.  This  sonde  has  been  in  use  since 
M973  at  the  National  Weather  Service  launch  sites  in  the  U.S.  Errors 
due  to  solar  insolation  and  thermal  lag  have  tk..  n substantially  reduced 
compared  to  older  sondes.  However,  the  remaining  errors  are  still  sub- 
stantial. Brousaides  (1973)  notes  that  the  reproducibility,  i.e.  the 
relative  precision,  of  the  humidity  sensors  is  within  a range  of  approxi- 
mately 6-7%  in  measured  relative  humidity.  Except  in  the  situation  of 
heavy  precipitation,  washout  was  not  found  to  be  a severe  problem  for 
the  new  sonde.  MB  state  that  errors  due  to  thermal  lag  are  on  the 
order  of  6 to  9%  in  measured  relative  humidity,  while  solar  insolation 
induced  errors  amount  to  9 to  14%  in  the  temperature  and  pressure 
domain  considered  in  this  study.  However,  for  the  geographic  and 
height  domain  of  this  study  and  the  0000  and  1200  GMT  launch  times, 


solar  insolation  problems  should  be  minimal,  i.e.  only  ^25%  of  the 
sondes  considered  in  this  study  potentially  experienced  direct  solar 
exposure  at  some  time  during  their  flight  at  solar  elevations  corre- 
sponding to  greater  than  one  hour  above  the  horizon.  Even  these  sondes 
were  typically  exposed  at  relatively  small  solar  elevations.  MB  note 
that  the  rectification  of  flight  data  is  very  difficult  due  to  the 
variability  of  the  error  sources,  i.e.  solar  elevation,  cloud  condi- 
tions, previous  thermal  and  humidity  history,  etc.  This  is  especially 
true  for  standardized  data  sets,  which  are  used  in  this  study,  where 
the  complete  minute-by-minute  data  record  is  unavailable.  Correction 
of  the  basic  data  set  employing  their  formulae  was  not  attempted. 

The  data  were  tested  for  humidity  lag.  Data  and  formulae  pre- 
sented in  Brousaides  (1973)  were  used  to  formulate  a test  criterion 
of  maximum  observable  response  rate.  Approximately  5 % of  the  basic 
data  set  was  tested  against  this  criterion.  The  sample  was  random 
except  that  humidity  was  required  to  increase  from  the  next  lower  level 
to  the  test  level.  An  observed  rate  of  change  of  humidity  equal  to  or 
greater  than  80%  of  the  maximum  observable  response  rate  was  found  at 
less  than  3%  of  the  levels  tested.  Thus,  in  the  basic  data  set,  verti- 
cal gradients  of  humidity  are  rarely  large  enough  to  exceed  the  sensor 
capability. 

Rhea  (1978)  has  found  the  new  sonde  to  be  acceptable  for  locating 
cloud  layers.  Surface  observations  of  cloud  layers  were  compared  to 
relative  humidity  with  respect  to  ice  computed  from  rawinsonde  data 
for  western  Colorado.  Saturated  layers  were  found  to  correspond  well 
with  observations  of  cloud  layers.  Much  improvement  in  this  regard 
was  noted,  when  compared  to  the  last  two  generations  of  sondes. 
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Similar  results  were  found  by  these  authors.  A number  of  case  studies 
of  the  large-scale  energy  budgets  associated  with  upper  level  strati- 
form cloud  layers  are  in  progress  by  these  authors.  The  purpose  of 
these  studies  is  to  try  to  ascertain  the  nature  of  the  advective  com- 
ponents of  the  budgets  and  the  corresponding  synoptic  situation.  Sur- 
face and  satellite  observations  of  cloud  layers  agreed  quite  well  with 
deductions  based  solely  on  observed  relative  humidty  with  respect  to 
ice.  Probably  the  best  validation  for  using  post-1973  rawinsonde  data 
to  assess  the  presence  of  cloud  layers  may  be  found  by  considering  the 
following.  The  percentage  of  sondes  exhibiting  saturation  with  respect 
to  ice  at  pressures  less  than  600  mb  and  temperatures  between  0°C  and 
-40°C  for  the  basic  data  set  are  given  below  for  two  latitude  bands. 


Summer 

Fall 

Winter 

Spri ng 

Annual 

30°N  - 40°N 

26.6 

(27.1) 

26.3 

(32.7) 

31 .7 
(31.4) 

30.5 

(38.0) 

28.8 

(32.3) 

40°N  - 50°ri 

39.0 

(36.1) 

36.1 

(40.7) 

42.4 

(39.1) 

40.1 

(43.4) 

36.9 

(39.8) 

The  percentages  in  parentheses  are  the  mean  zonal  cloud  cover  for  these 
latitudes  in  the  northern  hemisphere  for  the  middle  and  upper  tropo- 
sphere, which  were  derived  from  data  presented  in  London  (1957). 
London's  estimates  were  based  upon  surface  observations  of  various 
cloud  forms.  The  effects  of  obscuration  due  to  overlap  of  cloud  layers 
were  taken  into  account  in  deriving  the  estimates  of  cloud  cover  for 
the  various  cloud  types  presented  in  London  (1957).  The  percentages 
given  above  were  computed  by  summing  the  given  cloud  amounts  for 
cirrus,  altostratus,  nimbostratus  and  cumulonimbus  clouds  and  then 
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correcting  these  sums  for  overlap.  The  overlap  correction  consisted 
of  assuming  random  distribution  of  cirrus,  altostratus  and  nimbostratus 
clouds.  Thus,  the  corrected  sums  are  less  than  the  uncorrected  sums. 

If  saturation  with  respect  to  ice  determined  from  rawinsonde  data 
is  a good  indicator  of  the  presence  of  a cloud,  then  for  a large  data 
sample,  the  percentage  of  sondes  exhibiting  saturation  should  corre- 
spond to  the  observed  mean  middle  and  upper  tropospheric  cloud  cover. 

The  agreement  between  seasonal  mean  zonal  cloud  cover  estimated  from 
surface  observations  and  that  based  on  analysis  of  rawinsonde  data  is 
fairly  good.  Exact  agreement  would  not  be  anticipated  for  a number  of 
reasons.  First,  this  analysis  is  based  on  data  for  the  continental 
U.S.  for  the  year  1977,  while  London's  estimates  are  based  on  other 
years  for  the  entire  northern  hemisphere  in  these  latitude  bands.  Thus, 
year-to-year  variability  in  the  cloud  cover  for  the  middle  and  upper 
troposphere  and  longitudinal  variations  in  that  cloud  cover  could  be 
sources  of  disagreement.  Also,  due  to  the  -40°C  limit  on  the  data 
sample  for  this  analysis,  some  cirri  form  clouds  cannot  possibly  be 
detected.  In  addition,  some  of  the  nimbostratus  cloud  forms  may  be  too 
shallow  or  too  warm  to  be  detected  by  this  analysis.  This  would  be 
particularly  true  in  the  warmer  seasons.  Thus,  the  seasonal  mean  zonal 
cloud  cover  for  the  middle  and  upper  troposphere  derived  from  this 
analysis  should  be  less  than  that  actually  observed  even  if  the  tech- 
nique is  valid.  A compensating  effect  is  that  layers,  which  are 
saturated  with  respect  to  ice,  are  observed  to  be  cloud  free  in  some 
cases,  e.g.  Bigg  and  Meade  (1971),  Jayaweera  and  Ohtake  (1972),  and 
Detwiler  and  Vonnegut  (1979).  However,  this  situation  occurs  rela- 
tively infrequently  (e.g.  Lala,  [1969])  reports  that  only  3%  of  the 
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time  is  this  observed  at  Albany,  New  York)  and  normally  at  temperatures 
less  than  -30°C.  Since  saturation  with  respect  to  ice  at  pressures 
less  than  600  mb  and  temperatures  between  0°C  and  -40°C  was  detected  in 
^35%  of  the  sondes  for  Albany  in  1977,  less  than  8 % of  the  saturated 
layers  determined  by  this  analysis  are  anticipated  to  be  cloud  free. 

It  is  expected  that  errors  arising  from  the  limited  vertical  domain  of 
this  study  are  greater  than  those  due  to  erroneous  diagnosis.  There- 
fore, the  seasonal  mean  zonal  cloud  cover  for  the  middle  and  upper 
troposphere  derived  here  is  likely  to  be  less  than  that  actually  ob- 
served even  if  the  technique  is  valid.  It  is  of  note  that,  except  in 
winter,  the  estimated  cloud  cover  derived  in  this  study  is  less  than 
that  derived  from  London  (1957)  for  both  latitude  bands. 

2.5  The  Cloud  Case  Data  Set 

Before  discussing  the  results  of  the  analyses  of  cloud  character- 
istics, it  is  appropriate  to  consider  the  cloud  case  data  set.  In 
Table  1,  the  number  of  cloud  cases,  which  qualified  for  these  analyses 
on  the  basis  of  the  criteria  discussed  in  Section  2.3,  are  presented 
for  each  season  for  both  cloud  thickness  groups.  These  are  the  number 
of  cases  for  which  the  analyses  of  cloud  layer  characteristics  were 
performed.  In  the  following  discussion  of  results,  relative  frequency 
.of  occurrence  always  refers  to  the  percentage  or  fraction  of  the  total 
number  of  cases  in  a particular  group,  i.e.  season  and  thickness,  ex- 
hibiting a particular  characteristic.  Many  more  thin  cloud  cases 
qualified  for  the  analyses  than  thick  cloud  cases.  This  is  partly 
because  many  of  the  thick  saturated  layers,  which  were  found,  were 
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saturated  at  the  -40°C  level  and,  thus,  were  excluded  from  the  analyses 
as  cloud-top  pressure  could  not  be  located. 


Summer 

Fall 

Winter 

Spring 

Total 

Thick  Clouds 

189 

251 

246 

200 

886 

Thin  Clouds 

863 

765 

524 

564 

2716 

All  Clouds 

1052 

1016 

770 

764 

3602 

Table  1.  Number  of  cloud  cases  included  in  this  study  for  each  season 
and  for  each  cloud  thickness  group. 

In  Figure  4,  the  relative  frequency  of  occurrence  of  cloud  cases 
with  cloud-top  pressure,  p^j,  within  25  mb  of  a given  pressure  level  is 
given  for  each  season  for  both  the  thick  cloud  cases  and  the  thin  cloud 
cases.  The  corresponding  mean  cloud-top  pressures  are  also  noted. 

Mean  cloud-top  pressure  is  greatest  in  winter  and  least  in  summer. 

The  shapes  of  the  curves  are  highly  influenced  by  the  mean  seasonal 
location  of  the  -40°C  isotherm  and  its  variation.  The  location  of  the 
mean  seasonal  tropopause  and  its  variation  also  affect  the  shape  of 
the  curves.  These  two  factors  cause  the  observed  diminishing  relative 
frequencies  above  MOO  mb.  Note  that  the  summer  and  fall  curves  are 
similar  and  that  the  spring  and  winter  curves  are  similar  for  both 
thick  and  thin  cloud  cases.  The  mean  cloud  thickness  is  MO  mb  for 
the  thin  cloud  cases  and  nearly  150  mb  for  the  thick  cloud  cases. 
However,  only  ^ i of  the  thick  cloud  cases  are  thicker  than  150  mb. 
Thus,  the  mean  is  highly  influenced  by  the  very  thick  cases. 


PRESSURE  (mb)  PRESSURE  (mb) 


Figure  4. 


a. 


THICK  A Pc  > 50 mb  MEAN  Pct 


380  mb 
391  mb 
417  mb 
408  mb 


b. 


THIN  A Pc  $ 50 mb  MEAN 


Pet 

388  mb 
396  mb 
4 I 4 mb 
404  mb 


RELATIVE  FREQUENCY 


Relative  frequency  of  occurrence  for  cloud  canes  with  cloud 
top  pressure,  p , within  25  mb  of  a given  pressure  for 

both  (a)  thick  cloud  cases  and  (b)  thin  cloud  cases  for 
each  season.  Seasonal  mean  cloud  top  pressures  arc  also 
given. 
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3.  RESULTS 

3.1  Stabi 1 i ty 

3.1. a Mean  Stability  Structures 

The  results  of  the  analyses  of  the  dry  static  stability  in  the 
cloud-top  layer,  oT;  the  over-cloud  layer,  aQ;  and  the  sub-cloud  layer, 
as,  are  presented  in  this  section.  The  seasonal  means  for  the  three 
layers,  i.e.  o^,  and  o^,  are  given  in  Figure  5a  for  the  thick 
cloud  cases  and  in  Figure  5b  for  the  thin  cloud  cases.  The  seasonal 
means  for  the  350  mb  to  450  mb  layer,  o^,  and  for  the  650  mb  to  750  mb 
layer,  o^,  computed  from  all  sondes  are  included  in  each  figure  for 
comparison. 

Comparing  the  and  curves,  dry  static  stability  is  seen  to 
decrease  with  increasing  height  in  all  seasons.  The  seasonal  range  of 
is  only  0.36°K/km  with  relative  maxima,  i.e.  more  stable,  occurring 
in  summer  and  winter.  The  winter  maximum  may  be  partly  due  to  the  in- 
clusion of  some  cases,  where  the  tropopause  is  within  the  350  mb  to 
450  mb  layer.  This  may  occur  when  a deep,  cold  trough  is  located  over 
a station  at  launch  time  and  would  lead  to  a more  stable  value  of 
The  seasonal  range  of  is  nearly  1.5°K/km.  Thus,  the  middle  tropo- 

sphere undergoes  a much  larger  seasonal  variation  of  mean  dry  static 
stability,  when  compared  to  the  upper  troposphere.  The  winter  season 
is  the  most  stable  and  the  summer  season  is  the  most  unstable  at  the 
700  mb  level.  In  terms  of  o^,  spring  resembles  summer  and  fall  is 
intermediate  between  winter  and  summer.  The  seasonal  behavior  of  o-j 
may  be  partly  attributed  to  the  increased  frequency  and  strength  of 
elevated  fronts  occurring  the  the  650  mb  to  750  mb  layer  during  the 
cold  seasons.  Stabilization  of  the  lower  troposphere  due  to  infrared 


Q | co 


Figure  5. 


SUMMER  FALL  WINTER  SPRING  SUMMER 

SEASON 

Seasonal  mean  dry  static  stability  for  the  cloud-top  layer 
aT;  the  over-cloud  layer,  aQ;  and  the  sub-cloud  layer,  a ' , 

for  (a)  thick  cloud  cases  and  (b)  thin  cloud  cases.  Mean 
easonal  dry  static  stability  at  400  mb,  a,  and  at  700  mb 
7 » are  included  for  comparison.  See  text  for  further 

explanation. 
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radiative-  processes  acting  at  night  may  also  play  a role  in  raising 
^ in  the  winter,  especially  at  the  high  elevation  stations.  Also, 
enhanced  convective  mixing  in  summer  may  play  a role  in  lowering  o-j  in 
that  season.  If  only  sondes  exhibiting  saturation  with  respect  to  ice 
at  a level  above  the  500  mb  level  are  used  to  compute  and  Oj,  the 
curves  are  altered  somewhat.  In  this  case,  o-j  is  decreased  by  less 
than  0.1°K/km  in  each  season,  when  compared  to  the  plotted  values.  The 
values  of  ^ are  increased  by  approximately  0.1°K/km  in  winter  and 
spring  and  by  0.3  and  0.2°K/km  in  summer  and  fall,  respectively.  Thus, 
the  mean  difference  in  dry  static  stability  between  the  upper  and 
lower  troposphere  is  less  for  cloud  case  sondes,  when  compared  to  all 
sondes.  In  summer,  this  difference  is  negligible  for  the  cloud  case 
sondes. 

The  observed  values  of  and  may  be  used  to  compute  the  sea- 
sonal mean  rate  of  change  of  dry  static  stability  with  respect  to 
pressure,  i.e.  (o^  - o^)  / 300  mb.  If  this  linear  rate  of  change  is 
assumed  to  be  valid  for  the  pressure  domain  considered  here,  the  sea- 
sonal mean  dry  static  stability  at  any  pressure  level  in  this  domain 
may  be  computed  as  a linear  function  of  that  pressure.  In  order  to 
compare  the  observed  values  of  Oy,  Oq  and  a to  mean  atmospheric  condi- 
tions, "expected"  mean  values  of  ajT,  and  were  computed  from  the 
observed  respective  mean  mid-layer  pressures  by  the  above  method.  The 
assumption  of  linear  decrease  of  a with  pressure  should  not  have  much 
effect  on  the  computations  of  the  "expected"  mean  values,  since,  ex- 
cept for  the  sub-cloud  layer  for  the  thick  cloud  cases,  the  mid-layer 
pressures  occur  predominantly  in  the  350  mb  to  450  mb  layer  (see 
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Fig.  4).  Thus,  the  expected  mean  values  are  based  on  small  adjustments 
to  the  value  of  o^. 

Considering  o.p  and  o<.  for  the  thick  cloud  cases,  the  cloud- 
top  layer  is  the  most  unstable  layer  and  the  sub-cloud  layer  is  the 
most  stable  layer  of  the  three  in  the  mean  for  each  season.  The  mean 
cloud-top  layer  is  less  stable  than  expected  from  mean  conditions.  The 
difference  is  nearly  0.5°K/km  in  spring,  M).2°K/km  in  winter,  and  M).l 
°K/km  in  the  other  seasons.  If  the  virtual  dry  static  stability,  i.e. 
using  the  moist  adiabatic  lapse  rate  instead  of  the  dry  adiabatic 
lapse  rate  in  Eq.  2.2,  is  computed,  the  mean  cloud-top  layer  is  an 
additional  ^.5°K/km  more  unstable  than  mean  conditions.  Therefore, 
it  is  primarily  the  moisture  content  of  the  mean  cloud-top  layer  that 
distinguishes  it  from  mean  conditions  in  terms  of  stability  to  small 
vertical  displacements. 

The  mean  over-cloud  layer  for  the  thick  cloud  cases  is  more  stable 
than  expected  from  mean  conditions  by  0.1,  0.6,  1.1  and  0.2°K/km  in 
summer,  fall,  winter  and  spring,  respectively.  The  seasonal  range  of 
oj  is  greater  than  that  of  ojT  by  a factor  of  ^3.5,  which  is  surprising 
in  that  the  mean  difference  between  the  mid-layer  pressures  is  only 
^30  mb.  The  difference  between  and  cTjT  is  0.1,  0.6,  1.1  and  0.5°K/km 
in  summer,  fall,  winter  and  spring,  respectively.  Thus,  particularly 
in  winter,  the  mean  thick  cloud  layer  is  capped  by  a layer  which  is 
more  stable  than  the  cloud- top  layer,  even  if  differences  in  water 
vapor  content  are  ignored. 

The  mean  sub-cloud  layer  is  the  most  stable  layer  and  also  ex- 
hibits the  largest  seasonal  range  in  dry  static  stability  of  the  three 
layers,  which  might  have  been  anticipated  from  mean  conditions,  i.e. 
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However,  the  observed  values  of  are  greater  than  the  values 
expected  from  mean  conditions  by  approximately  1.1,  1.5,  1.8  and  0.7 
°K/km  in  summer,  fall,  winter  and  spring,  respectively.  These  values 
suggest  the  presence  of  an  elevated  front  in  the  sub-cloud  layer.  This 
may  be  seen  by  considering  that  in  winter  the  value  of  o^  corresponds 
to  a temperature  lapse  rate  of  only  4.7°K/km,  which  is  absolutely 
stable  even  under  saturated  conditions  at  this  pressure,  i.e.  ^550  mb. 

Considering  ojT,  and  for  the  thin  cloud  cases,  the  over- 
cloud layer  is  observed  to  be  the  most  stable  of  the  three  in  the  mean 
for  each  season,  while  the  sub-cloud  layer  is  the  least  stable  except 
in  spring.  The  observed  values  of  are  greater  than  those  expected 
from  mean  conditions  by  M).l°K/km  in  summer  and  fall,  nearly  equal  in 
spring,  and  are  less  by  'U).20K/km  in  winter.  Thus,  unlike  the  thick 
cloud  cases,  the  mean  cloud-top  layer  for  the  thin  cloud  cases  tends 
to  be  slightly  more  stable  than  mean  conditions.  The  seasonal  range 
in  for  the  thin  cloud  cases  is  less  than  half  that  for  the  thick 
cloud  cases,  though  the  patterns  are  similar.  The  mean  cloud-top 
layers  for  the  thick  and  thin  cloud  cases  are  not  that  different  in 
terms  of  dry  static  stability  and  in  both  cases  it  is  primarily  the 
water  vapor  content  of  the  layers  that  distinguishes  them  from  mean 
condi tions . 

The  mean  over-cloud  layer  for  the  thin  cloud  cases  is  more  stable 
than  expected  from  mean  conditions  by  2.6,  2.5,  2.0  and  2.2°K/km  in 
summer,  fall,  winter  and  spring,  respectively.  These  values  suggest 
the  presence  of  an  elevated  front  above  the  thin  cloud  layer.  In  some 
cases,  this  stable  layer  is  likely  to  correspond  to  the  tropopause. 

The  value  of  0^  in  summer  corresponds  to  a temperature  lapse  rate  of 
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only  ^5.4°K/km,  which  is  a very  stable  layer  at  this  pressure  level, 
(^370  mb).  The  seasonal  range  of  is  much  smaller  for  the  thin 
cloud  cases,  when  compared  to  the  thick  cloud  cases,  and  the  seasonal 
patterns  are  dissimilar,  except  that  each  exhibits  a spring  minimum. 

In  each  season,  the  mean  over-cloud  layer  is  much  more  stable  for  the 
thin  cloud  cases  compared  to  the  thick  cloud  cases  even  though  the 
stability  of  the  respective  mean  cloud-top  layers  is  not  too  different. 

Mean  conditions  suggest  that  for  the  thin  cloud  cases,  should 
be  greater  than  o^,  however,  this  is  not  observed.  The  values  of 
are  less  than  those  expected  from  mean  conditions  by  ^0.1°K/km  in 
spring  and  summer  and  M).20K/km  in  the  other  seasons.  The  stability 
of  the  mean  sub-cloud  layer  is  not  too  different  from  that  of  the  mean 
cloud- top  layer  for  the  thin  cloud  cases.  There  is  no  indication  of 
an  elevated  frontal  zone  in  the  mean  sub-cloud  layer  for  the  thin  cloud 
cases  as  there  was  for  the  thick  cloud  cases. 

3.1  .b . Relative  Frequency  of  Various  Stability  Structures 

Thus  far,  the  mean  stratification  in  terms  of  dry  static  stability 
in  the  vicinity  of  both  thick  and  thin  cloud  layers  have  been  quanti- 
fied for  each  season.  Differences  in  the  mean  dry  static  stability 
between  the  thin  and  thick  cloud  cases  have  been  noted.  However,  the 
correspondence  of  the  mean  structures  to  the  actual  observed  case  by 
case  structure  must  be  established  before  any  quantitative  model  of  the 
typical  stratification  can  be  put  forth,  i.e.  is  the  mean  structure 
representative  of  the  typical  structure  or  is  it  the  result  of  averag- 
ing multiple  and  different  typical  structures?  In  Table  2,  the  ob- 
served relative  frequency  of  occurrence  of  various  stratifications  in 
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Table  2.  Relative  frequency  of  occurrence  in  percent  of  various 
stratifications  of  dry  static  stability  among  the  over- 
cloud layer,  o^;  the  cloud-top  layer,  Oji  and  the  sub- 
cloud layer,  o for  each  season  and  the  "average"  season 
for  (a)  thick  cloud  cases  and  for  (b)  thin  cloud  cases. 
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terms  of  dry  static  stability  among  the  cloud- top,  over-cloud  and  sub- 
cloud layers  are  presented  for  both  cloud  thickness  groupings  for  each 
season.  In  the  top  data  row,  the  relative  frequency  of  cases  in  a 
group  exhibiting  a minimum  in  dry  static  stability  in  the  cloud- top 
layer  relative  to  the  other  two  layers  is  given.  The  second  and  third 
data  rows  correspond  to  increasing  and  decreasing  stability  with  height 
through  the  three  layers,  respectively.  The  fourth  row  corresponds  to 
maximum  stability  in  the  cloud-top  layer  relative  to  the  other  two 
layers.  In  the  last  two  rows,  the  relative  frequency  of  cases  where 
the  over-cloud  layer  is  more  stable  than  the  cloud- top  layer  and  where 
the  sub-cloud  layer  is  more  stable  than  the  cloud-top  layer  are  pre- 
sented for  each  group.  Simple  inspection  of  the  entries  reveals  that 
based  upon  this  analysis  any  possible  stratification  may  be  observed 
for  any  given  group.  However,  some  stratifications  are  substantially 
more  common  than  others. 

3.1 . b . i . Thick  Cloud  Cases 

For  the  thick  cloud  cases,  the  most  likely  stratification  is  that 
with  decreasing  stability  with  height  through  the  three  layers.  The 
relative  frequency  of  occurrence  of  this  structure  is  nearly  constant 
with  respect  to  season.  This  is  also  true  of  the  structure  with  in- 
creasing stability  with  height,  which  is  the  least  likely.  Minimum 
stability  in  the  cloud- top  layer  tends  to  be  the  second  most  likely 
structure,  and  is  most  common  in  fall  and  winter.  Maximum  stability 
in  the  cloud- top  layer  has  the  opposite  seasonal  variation.  In  spring 
and  summer,  these  two  stratifications  are  nearly  equally  likely  to 
occur.  In  order  to  properly  interpret  each  structure  physically,  the 
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corresponding  values  of  a^,  ~oZ  and  cr^T  must  be  considered  together  with 
the  relative  frequency  of  occurrence  of  the  two  layer  stratifications 
shown  in  the  last  two  data  rows  in  Table  2. 

In  an  average  season,  the  value  of  ctg  is  greater  than  cty  in  only 
42%  of  the  thick  cloud  cases,  however,  minus  is  positive  and 
equal  to  MD.6°K/km.  This  implies  that,  for  cases  where  oQ  > Oy,  the 
difference  (o^  - o^)  is  larger  than  the  difference  (c^  - aQ),  for 
cases  where  Oy  > Og.  The  situation  of  a small  decrease  in  dry  static 
stability  from  the  cloud-top  layer  to  the  over-cloud  layer  strongly 
suggests  that  both  layers  are  located  in  the  same  air  mass.  This 
applies  to  cases  when  the  observed  structures  are  those  with  either 
maximum  stability  in  the  cloud-top  layer  or  decreasing  stability  with 
height  through  the  three  layers.  If  an  expected  decrease  is  computed 
for  these  cases,  which  is  based  upon  an  assumption  that  mean  conditions 
are  representative  of  those  in  a uniform  air  mass,  then  an  estimate  of 
a typical  value  of  (og  - Cy)  may  be  made  for  the  cases  when  Og  > Oy. 
This  value  is  'vl.4°K/km.  Thus,  in  the  thick  cloud  cases  where  Og  > Oy, 
the  over-cloud  layer  tends  to  be  stable  and  caps  the  cloud  layer.  This 
relatively  stable  layer  may  possibly  be  interpreted  as  an  elevated 
frontal  zone,  since  the  stability  of  a frontal  zone  at  this  level  is 
not  nearly  as  great  as  at  lower  levels  due  to  the  cumulative  effect  of 
diffusion  over  its  lifetime.  However,  other  interpretations  are  possi- 
ble and  are  considered  below. 

In  an  average  season,  the  value  of  is  greater  than  ay  in  65% 
of  the  thick  cloud  cases  and  - ay  equals  ^1 .75°K/km,  which  is  sub- 
stantial. The  implication  is  that  for  cases  where  ay  > c«j,  the  dif- 
ference (a^  - a^)  is  relatively  small  and  that  for  cases  where  a $ > ay. 
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the  difference  (o^  - c^)  is  large.  In  the  manner  used  above,  (o^  - o^-) 
is  estimated  to  be  ^2.4°K/km,  for  cases  where  a s > a^.  Thus,  the 
structure  with  decreasing  stability  with  height  through  the  three 
layers  corresponds  very  well  to  the  classical  notion  of  a very  stable 
layer  or  front  below  the  cloud  layer  and  where  the  cloud-top  layer  and 
over-cloud  layer  exist  in  the  same  lifted  air  mass.  This  is  observed 
to  be  the  most  likely  structure  for  the  thick  cloud  cases.  The  in- 
terpretation of  the  structure  with  minimum  stability  in  the  cloud-top 
layer  is  similar  to  the  classical  notion,  except  for  the  relatively 
stable  capping  layer. 

In  addition  to  the  interpretation  that  the  stable  over-cloud  layer 
is  another  frontal  zone,  which  might  exist  in  the  case  of  thick  clouds 
to  be  west  of  the  center  of  a mature  or  occluded  cyclone,  a second 
interpretation  is  that  the  enhanced  stability  of  this  layer  is  due  to 
both  strong  infrared  radiative  cooling  and  evaporative  cooling  in  the 
region  of  cloud-top,  which  are  greatest  near  the  lower  boundary  of  the 
over-cloud  layer  and,  thus,  tend  to  stabilize  the  over-cloud  layer. 
Nighttime  cases  would  show  these  effects  more  than  daytime  cases  due 
to  the  compensating  effect  of  solar  absorption. 

Observations  reported  by  Griffith  et  a]_,  1979,  of  the  radiative 
characteristics  of  tropical  cirrus  clouds  lead  to  the  conclusion  that 
the  lapse  rate  of  a 25  mb  thick  over-cloud  layer,  as  defined  here,  may 
be  potentially  stabilized  at  a rate  of  up  to  ^20°K/km/day  due  to  in- 
frared radiative  processes.  These  results  correspond  to  the  case  of  a 
high,  very  cold  cloud  (i.e.  ^ -50°C),  which  is  essentially  a black  body 
with  respect  to  infrared  radiation  and  represents  the  situation  of 
maximum  radiative  effect.  The  potential  stabilization  of  the  over- 
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cloud  layer  due  to  evaporative  processes  may  be  evaluated  by  noting 

O 

that  typical  ice  water  contents  may  range  from  0.001  to  0.3  g/m  .and 
typical  mean  vertical  velocities  in  the  cloud  layer  may  range  from 
1 to  100  cm/s  (from  Griffith  et  al,  1979,  and  Heymsfield,  1977).  If 
the  cloud-top  level  is  assumed  to  remain  constant  and  the  ice  crystals 
are  assumed  to  be  transported  upward  at  the  observed  vertical  velocity 
and  are  sublimated  at  cloud-top,  the  lapse  rate  of  the  over-cloud 
layer  may  be  potentially  stabilized  at  a rate  of  from  M).005  to  M50 
°K/km/day.  A vertical  velocity  of  2 cm/s  and  an  ice  water  content  of 
0.1  g/m  result  in  a lapse  rate  stabilization  rate  of  ^10°K/km/day  in 
the  over-cloud  layer  due  to  evaporative  cooling. 

Subsidence  and  its  associated  adiabatic  warming  may  also  lead  to 
increased  stability  in  a layer.  However,  in  the  case  of  a relatively 
stable  layer  directly  above  a relatively  unstable  layer,  a very  strong 
or  enduring  subsidence  field  would  be  required  in  the  upper  layer  to 
explain  the  observed  magnitude  of  the  stability  differences  if  both 
layers  are  initially  assumed  to  be  similar.  For  example,  a vertical 
velocity  of  % -2  cm/s  results  in  the  lapse  rate  being  stabilized  at  a 
rate  of  MD.3  °K/km/day  at  these  levels.  Large  vertical  gradients  of 
both  the  vertical  motion  field  and  the  divergence  would  also  be  re- 
quired near  the  interface  between  the  two  layers  for  the  observed 
structure  to  evolve  by  this  mechanism.  Such  gradients  may  exist  across 
elevated  fronts  but  the  vertical  circulations  required  are  opposite  to 
those  corresponding  to  the  classical  model.  Compensating  subsidence  in 
the  region  of  strong  convection  may  affect  the  stability  structure  of 
middle  and  upper  tropospheric  outflow  layers.  However,  the  required 
vertical  gradients  in  the  circulation  are  not  likely  to  be  due  to  the 
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convection  but  rather  due  to  some  pre-existing  structure.  Thus,  radia- 
tive and  evaporative  effects  may  readily  account  for  the  observed 
stability  of  the  over-cloud  layer,  while  adiabatic  effects  due  to 
vertical  motion  are  much  less  likely  to  be  the  source  of  the  observed 
structure. 

The  structure  with  increasing  stability  with  height  does  not 
correspond  to  the  classical  structure.  However,  if  the  location  of 
cloud-top  pressure  is  slightly  in  error  in  these  cases,  i.e.  above  the 
actual  cloud-top  level,  then  the  stability  of  the  cloud-top  layer  is 
overestimated  since  the  over-cloud  layer  tends  to  be  much  more  stable. 
Since,  where  Oj  > o^,  the  difference  in  stability  between  the  cloud- 
top  layer  and  the  sub-cloud  layer  tends  to  be  relatively  small,  it  may 
be  hypothesized  that  they  are  in  the  same  air  mass  and  that  the  sign 
of  the  difference,  which  is  inconsistent  with  this  hypothesis,  arises 
from  slight  errors  in  the  location  of  the  cloud-top  level.  In  any 
event,  these  cases  do  not  appear  to  be  forced  by  frontal  lifting  from 
directly  below  the  cloud  layer. 

The  above  arguments,  also,  lead  to  the  conclusion  that,  in  the 
case  of  the  structure  with  maximum  stability  in  the  cloud-top  layer, 
the  differences  in  dry  static  stability  between  the  three  layers  tend 
to  be  relatively  small.  Thus,  the  presence  of  a very  stable  layer  is 
not  indicated  for  any  of  the  layers.  The  observations  of  maximum 
stability  in  the  cloud-top  layer  may  be  due  to  the  effects  of  infrared 
radiation  or  evaporation  near  cloud-top  coupled  with  a slight  niis- 
location  of  the  cloud-top  level.  In  this  instance,  maximum  stability 
occurs  just  above  cloud-top.  It  should  be  noted,  that  the  interpreta- 
tions, which  rely  on  assumed  errors  in  the  location  of  cloud-top,  lead 
to  the  conclusion  that  o-j-  has  been  overestimated. 
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Combining  all  the  results  from  the  analysis  of  the  stratification 
about  thick  clouds,  the  following  conclusions  may  be  put  forth: 

1.  In  65%  of  the  cases,  the  mean  sub-cloud  layer  is 
estimated  to  be  ^2°K/km  more  stable  than  mean  condi- 
tions. This  strongly  suggests  the  presence  of  a 
frontal  zone  corresponding  to  the  classical  model. 

2.  In  nearly  half  of  the  cases  with  the  stable  sub- 
cloud layer,  the  mean  over-cloud  layer  is  also 
relatively  stable,  i.e.  estimated  to  be  M.3°K/km 
more  stable  than  mean  conditions. 

3.  In  ^35%  of  the  cases,  which  do  not  show  the  stable 
sub-cloud  layer,  ^ ^ do  exhibit  the  stable  capping 
layer,  while  the  rest  show  a weak  tendency  for 
maximum  stability  in  the  vicinity  of  cloud-top. 

4.  The  stability  of  the  mean  cloud-top  layer  has 
probably  been  slightly  overestimated  due  to  the 
mislocation  of  the  cloud-top  level  in  some  cases. 

However,  even  if  ojT  is  adjusted  to  compensate  for 
this  effect,  the  corresponding  temperature  lapse 
rate  is  still  1 to  2°K/km  less  than  the  moist 
adiabatic  lapse  rate.  It  is  primarily  the  moisture 
content  of  this  layer,  which  distinguishes  it  from 
mean  atmospheric  conditions. 

These  conclusions  were  based  on  an  average  season.  They  are  most 
valid  in  winter,  where  the  magnitude  of  the  differences  are  larger  than 
for  the  average  season. 
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3.1.b.ii.  Thin  Cloud  Cases 

For  the  thin  cloud  cases,  the  structure  with  minimum  stability  in 
the  cloud-top  layer  is  the  most  likely  stratification  in  each  season. 
However,  maximum  stability  in  this  layer  is  the  next  most  commonly  ob- 
served structure.  Increasing  stability  with  height  through  the  three 
layers  is  slightly  more  common  than  decreasing  stability  with  height. 
The  observed  relative  frequency  of  occurrence  for  each  structure  for 
the  thin  cloud  cases  exhibits  a seasonal  range  of  ^5%.  No  obvious 
pattern  is  evident  in  this  seasonal  variation.  The  observed  relative 
frequency  of  occurrence  for  the  different  stratifications  indicates 
substantial  differences  between  the  thick  and  thin  cloud  cases. 

In  an  average  season,  the  value  of  Og  is  greater  than  Oj  in  ^60% 
of  the  thin  cloud  cases  and  the  difference  is  ^2.2°K/km.  This 

difference  is  very  large  considering  the  proximity  of  these  two  layers 
and  the  above  percentage.  If  for  the  cases  where  Og  < Oy,  the  over- 
cloud layer  and  the  cloud-top  layer  are  assumed  to  exist  in  the  same 
air  mass  and  an  expected  value  of  (o^  - Og)  is  computed  based  on  mean 
conditions,  then  an  estimate  can  be  made  for  (o^  - alp  for  the  cases 
when  Cy  < Og.  This  estimate  is  that  (o^  - o^)  equals  ^3.7°K/km.  This 
indicates  a very  stable  capping  layer  for  the  cases  when  Og  > cry.  This 
conclusion  relies  on  the  above  estimate  only  in  degree  and  not  in  sub- 
stance. The  stability  of  the  over-cloud  layer  when  aQ  > Oy,  is  much 
greater  for  the  thin  cloud  cases  when  compared  to  the  corresponding 
thick  cloud  cases.  Whereas  the  interpretation  that  these  cases  re- 
present cloud  layers  capped  by  a frontal  zone  is  somewhat  open  to 
question,  as  noted  previously  for  the  thick  cloud  cases;  it  is  much 
more  plausible  here,  given  the  estimated  magnitude  of  for  the  thin 
cloud  cases.  The  estimated  value  of  Og~  = 7°K/km  for  the  thin  cloud 
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cases  where  Og  > Op  corresponds  l.o  a temperature  lapse  rate  of  only 
^4.5°K/km.  Radiative  and  evaporative  processes  may  be  responsible  for 
the  evolution  of  this  structure. 

In  an  average  season,  the  value  of  is  greater  than  oT  in  57% 
of  the  cases.  The  difference  o-j-  - o<~  is  relatively  small  and  equal  to 
^0.2°K/km.  This  difference  is  expected  to  be  'v  -0.1°K/km  if  both 
layers  exist  in  the  same  air  mass.  If  this  is  correct  for  the  thin 
cloud  cases,  where  exT  < a<.;  then  for  the  cases  where  a ^ < Op  the  dif- 
ference may  be  estimated  to  be  'v0.6°K/km.  This  implies  that,  for  the 
structures  exhibiting  either  maximum  stability  in  the  cloud-top  layer 
or  increasing  stability  with  height,  the  cloud-top  layer  is  somewhat 
more  stable  than  the  sub-cloud  layer  but  not  so  stable  as  to  suggest  a 
frontal  zone. 

In  light  of  the  above  arguments,  the  observed  stratifications  for 
the  thin  cloud  cases  may  be  interpreted  in  an  average  sense  for  a mean 
season.  The  structure  with  decreasing  stability  with  height  through 
the  three  layers  appears  to  be  associated  with  the  situation  of  all 
three  layers  existing  in  the  same  air  mass.  There  is  no  indication  of 
a frontal  zone  in  the  sub-cloud  layer  for  this  structure  as  there  is 
for  the  thick  cloud  cases.  Also,  where  this  structure  was  the  most 
frequently  observed  stratification  for  the  thick  cloud  cases,  it  is 
the  least  frequently  observed  for  the  thin  cloud  cases.  The  stratifi- 
cation where  minimum  stability  is  observed  in  the  cloud-top  layer  of 
thin  clouds  corresponds  to  the  situation  where  the  cloud  layer  and 
sub-cloud  layer  are  located  in  the  same  air  mass.  A very  stable  layer 
is  observed  in  the  over-cloud  layer  and  no  indication  of  a frontal  zone 
is  found  for  the  sub-cloud  layer.  The  structure  with  increasing 
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stability  with  height,  also,  shows  the  very  stable  over-cloud  layer  and 
no  sub-cloud  front.  The  enhanced  stability  of  the  cloud-top  layer, 
i.e.  0.6°K/km  greater  than  a is  most  likely  due  to  small  errors  in  the 
location  of  the  cloud-top  level.  This  interpretation  seems  reasonable 
given  the  very  stable  nature  of  the  over-cloud  layer.  This  interpreta- 
tion leads  to  the  conclusion  that  has  been  overestimated.  For  the 
structure  with  maximum  stability  in  the  cloud-top  layer,  the  cloud-top 
layer  and  over-cloud  layer  appear  to  be  located  in  the  same  air  mass 
due  to  the  small  decrease  with  height  of  dry  static  stability  for  the 
layers.  However,  the  stability  of  the  cloud- top  layer  is  not  suffi- 
ciently great  to  warrant  an  interpretation  based  on  the  presence  of  a 
frontal  zone.  It  is  possible  that  errors  in  the  location  of  the  cloud- 
top  level  together  with  radiative  and  evaporative  effects  lead  to  the 
observed  maximum.  In  any  event,  this  stratification  is  very  similar 
to  the  decreasing  stability  with  height  structure  except  for  the  weak 
maximum,  i.e.  none  of  the  three  layers  exhibit  sufficient  stability 
for  a frontal  zone. 

Combining  the  above  results,  the  conclusions  from  the  analysis  of 
the  stratification  about  thin  cloud  layers  may  be  summarized  as: 

1.  In  ^0%  of  the  cases,  a very  stable  mean  over-cloud 
layer  exists,  whose  stability  strongly  suggests  the 
presence  of  a front,  i.e.  Oq  ^ 7°K/km. 

2.  In  the  other  40%  of  the  cases,  the  presence  of  a 
frontal  zone  or  a very  stable  layer  is  not  indicated 
for  any  of  the  three  mean  layers.  However,  in  60% 
of  these  cases  there  is  an  indication  of  enhanced 
stability  in  the  vicinity  of  mean  cloud- top  level. 
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3.  It  is  likely  that,  when  maximum  stability  is  observed 
to  increase  with  height  through  the  three  layers,  the 
location  of  cloud-top  is  slightly  in  error.  If  this 
is  true,  then  Oy  has  been  overestimated.  If  the  magni- 
tude of  this  error  is  estimated  from  mean  conditions, 
then  a corrected  value  of  ojT  may  be  computed,  which 
is  slightly  less  than  o^. 

The  above  inferences  for  the  thin  cloud  cases  are  nearly  equally 
valid  for  any  season.  The  conclusions  for  both  the  thin  and  thick 
cloud  cases  are  based  upon  observed  means  and  the  relative  frequency 
of  occurrence  of  various  structures.  It  must  be  emphasized  that  they 
only  apply  to  the  average  case  exhibiting  such  a structure. 

3.1.c.  Relative  Frequency  Distributions  of  Stability 

As  was  stated  previously,  any  possible  stability  stratification 
may  be  observed  for  these  three  layers  for  a cloud  case.  In  fact,  the 
observed  stability  values  range  over  a wide  domain.  Conditions  ranging 
from  super-adiabatic  to  strong  inversions  are  observed  in  each  of  the 
three  layers  in  each  season.  Errors  in  the  location  of  cloud- top 
pressure  have  been  assumed  to  account  for  some  of  the  observations  of 
stable  cloud-top  layers.  At  this  point,  it  is  appropriate  to  examine 
the  observed  distribution  of  dry  static  stability  for  each  layer. 

In  Figure  6,  the  observed  relative  frequency  of  occurrence  is 
given  for  various  stability  classes.  In  each  panel,  the  distributions 
are  given  for  each  season  for  one  of  the  three  layers  for  a particular 
cloud  thickness  group.  Each  class  represents  a l°K/km  range  of  ob- 
served dry  static  stability,  except  for  class  1.  Cases  included  in 
class  1 correspond  to  observations  of  super  adiabatic  or  dry  adiabatic 
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STABILITY  CLASS 


Figure  6.  Relative  frequency  of  occurrence  of  various  stability 

classes  for  each  season  for  the  thick  cloud  cases  for  each 
layer,  (i.e.  (a)  over-cloud  layer,  (b)  cloud-top  layer,  (c) 
sub-cloud  layer)  and,  similarly,  for  the  thin  cloud  cases 
(i.e.  (aa),  (bb)  and  (cc),  respectively).  See  text  for 
definition  of  stability  classes  and  further  explanation. 
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conditions,  i.e.  o $ 0°K/km.  Class  number  2 includes  observations 
where  0°K/km  < a < l°K/km.  Similarly,  class  N includes  cases  where 
(N-2)°K/km  < a < (N-l)°K/km.  Note  that  class  2 represents  cases,  where 
conditions  are  approximately  moist  adiabatic  for  the  pressure  and 
temperature  domain  of  these  cloud  cases.  Some  of  the  cases  included 
in  class  3 may  also  correspond  to  moist  adiabatic  conditions.  In 
general  for  this  domain,  class  14  corresponds  to  near  isothermal  condi- 
tions in  a layer,  though  some  cases  in  classes  13  and  15  may  also  show 
this  due  to  their  respective  pressure  levels.  Classes  16  through  21 
correspond  to  cases  exhibiting  an  inversion  in  the  layer  with  the 
strength  of  the  observed  inversion  increasing  with  class  number,  e.g. 
class  21  includes  cases  where  temperature  typically  increases  at  a 
rate  of  greater  than  ^5°K/km  from  the  base  to  the  top  of  the  layer.  In 
order  to  facilitate  the  consideration  of  these  data,  the  corresponding 
cumulative  frequency  distributions  are  given  in  Figures  7 and  8 for  the 
thick  cloud  cases  and  for  the  thin  cloud  cases,  respectively.  The 
relative  frequencies  are  accumulated  progressively  from  class  1 through 
class  21,  e.g.  the  cumulative  frequency  plotted  for  class  3 corresponds 
to  the  sum  of  the  relative  frequencies  of  classes  1,  2 and  3.  In  each 
panel,  the  observed  distributions  for  each  of  the  layers  are  given  for 
a particular  season  and  cloud  thickness  group. 

In  general,  the  relative  frequency  distributions  are  broader  for 
the  thin  cloud  cases  in  the  over-cloud  layer  and  the  cloud-top  layer, 
when  compared  to  the  thick  cloud  cases.  The  opposite  is  true  of  the 
sub-cloud  layer.  Narrow  distributions  correspond  to  uniform  conditions 
observed  on  a case  by  case  basis.  In  winter,  the  distributions  tend  to 
be  broader  than  in  other  seasons.  There  is  also  a tendency  for  a sea- 
sonal shift  in  the  distributions,  i.e.  the  summer  peak  is  generally  to 
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Figure  7.  Cumulative  relative  frequency  distributions  of  stability 
class  for  the  thick  cloud  cases  for  each  of  the  over- 
cloud, cloud-top  and  sub-cloud  layers.  See  text  for 
further  explanation. 
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Figure  8.  Same  as  for  Figure  7,  except  for  thin  cloud  cases 
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the  night  and  the  winter  peak  tends  to  be  to  the  left  of  the  peaks  for 
spring  and  fall.  It  should  also  be  noted  that  the  over-cloud  layer 
distributions  show  a relatively  large  frequency  of  very  stable  condi- 
tions, especially  for  the  thin  cloud  cases.  The  sub-cloud  layer  dis- 
tributions for  the  thick  cloud  cases,  also,  exhibit  a relatively  large 
frequency  of  very  stable  conditions. 

The  median  values  of  Oq,  Oj  and  o<-  (i.e.  cumulative  frequency  - 
50%,  see  Figs.  7 and  8)  exhibit  the  same  relative  pattern  as  the  mean 
values  depicted  in  Figure  5,  except  for  thick  cloud  cases  in  summer. 
However,  the  differences  between  the  median  values  of  cr^,  and  a 
for  a given  season  are  smaller  than  noted  for  the  means.  Thus,  the 
relative  frequency  of  very  stable  conditions  for  the  various  layers 
has  a substantial  influence  on  the  computed  means.  The  median  values 
of  Oy  and  o<-  for  the  thin  cloud  cases  are  within  1 to  2°K/km  of  the 
stability  associated  with  moist  adiabatic  conditions,  while  the  median 
values  of  Oq  are  an  additional  1.5°K/km  more  stable.  For  the  thick 
cloud  cases,  the  median  values  of  o-j.  and  Oq  are  within  1 to  2°K/km  of 
moist  adiabatic  conditions,  while  the  median  value  of  o<.  is  an  addi- 
tional l°K/km  more  stable.  Note  that  dry  adiabatic  or  super  adiabatic 
conditions  tend  to  be  most  common  in  the  over-cloud  layer  for  the  thick 
cloud  cases  and  in  the  cloud- top  layer  for  the  thin  cloud  cases,  when 
compared  to  the  other  layers. 

For  the  thin  cloud  cases,  the  cumulative  relative  frequency  dis- 
tributions for  the  sub-cloud  layer  and  the  cloud-top  layer  are  very 
similar.  There  is  a slight  tendency  for  the  cloud-top  layer  to  ex- 
hibit more  extreme  values,  when  compared  to  the  sub-cloud  layer.  Fewer 
than  5%  of  the  observations  of  o-p  or  indicate  isothermal  or  inversion 
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conditions.  The  distributions  f or  are  substantially  different. 
Approximately  10%  of  the  observations  of  Oq  correspond  to  isothermal 
or  inversion  conditions.  Moderately  stable  to  very  stable  conditions 
dominate  the  Oq  distributions.  The  Oq  distributions  for  the  thin  cloud 
cases  are  the  most  stable  of  all  the  layers  for  either  thickness  group. 

Noting  the  distributions  for  the  thick  cloud  cases,  in  no  season 
do  two  layers  exhibit  the  degree  of  similarity  seen  between  the  cloud- 
top  and  sub-cloud  layers  for  the  thin  cloud  cases.  Also,  no  two  layers 
are  as  different  as  the  over-cloud  and  cloud-top  layers  for  the  thin 
cloud  cases.  The  seasonal  variation  in  the  distributions  is  greater 
than  for  the  thin  cloud  cases.  In  summer,  the  over-cloud  layer  and 
the  sub-cloud  layer  exhibit  very  stable  conditions  in  nearly  the  same 
percentage  of  cases,  while  in  the  other  seasons  the  sub-cloud  layer 
is  approximately  twice  as  likely  to  show  this.  As  in  the  thin  cloud 
distributions,  the  cloud-top  layer  exhibits  very  stable  conditions, 
i.e.  isothermal,  less  than  ^5%  of  the  time. 

3.2  Vertical  Wind  Shear 

The  results  of  the  analyses  of  the  vertical  shear  of  the  hori- 
zontal wind  speed  in  the  cloud-top  layer,  ST;  the  over-cloud  layer, 

Sq ; and  the  sub-cloud  layer,  S$,  are  presented  in  this  section.  Re- 
call that  the  wind  direction  is  ignored  in  these  analyses. 

Considering  the  sign  of  the  shear,  it  is  apparent  that  negative 
shear  occurs  relatively  infrequently  in  these  layers.  For  the  thin 
cloud  cases  in  a given  season,  the  relative  frequency  of  occurrence 
of  negative  shear  is  nearly  the  same  for  each  layer.  Seasonal  varia- 
tion is  also  negligible,  except  for  the  summer  season,  where 
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approximately  20%  of  the  cases  exhibit  negative  shear  in  a given  layer 
compared  to  15  to  16%  in  the  other  seasons.  The  thick  cloud  cases 
have  both  a more  pronounced  seasonal  variation  and  more  significant 
differences  between  the  layers  in  a given  season,  than  the  thin  cloud 
cases.  For  the  thick  cloud  cases,  S^;  Sq  and  are  negative  in  11, 

11  and  14%  of  the  winter  cases;  in  13,  15  and  18%  of  the  fall  cases; 
in  17,  19  and  26%  of  the  spring  cases;  and  in  17,  24  and  29%  of  the 
summer  cases,  respectively.  Thus,  as  in  the  thin  cloud  cases,  nega- 
tive shear  occurs  most  frequently  in  the  summer  for  each  layer.  Nega- 
tive shear  is  least  likely  in  winter  and  the  cloud-top  layer  is  the 
layer  least  likely  to  exhibit  negative  shear  in  each  season  for  the 
thick  cloud  cases.  However,  the  difference  between  this  layer  and 
the  over-cloud  layer  is  relatively  small  except  in  summer.  Differences 
between  the  cloud-top  layer  and  the  sub-cloud  layer  are  larger  and  are 
most  pronounced  in  spring  and  summer.  Thus,  for  a given  cloud  thick- 
ness group  in  a given  season,  the  relative  frequency  of  negative  shear 
does  not  vary  substantially  among  layers  in  close  proximity,  i.e.  all 
three  layers  of  the  thin  cloud  cases  or  the  upper  two  layers  for  the 
thick  cloud  cases. 

In  terms  of  the  relative  frequency  of  occurrence  of  negative 
shear  in  the  three  layers  for  the  thick  cloud  cases,  spring  is  more 
similar  to  summer  than  to  fall  and  fall  is  more  similar  to  winter  than 
to  spring.  The  seasonal  variation  for  the  thick  cloud  cases  may  be  at 
least  partly  explained  by  noting  that  the  thick  cloud  is  likely  to 
occur  in  a region  of  strong  or  deep  vertical  lifting  in  the  middle  and 
upper  levels,  i.e.  in  association  with  either  an  elevated  warm  front 
or  to  a lesser  degree  an  elevated  cold  front  of  a cyclone.  This  is 


particularly  true  in  the  cold  seasons.  This  region  is  located  near 
the  fastest  upper  level  flow  associated  with  the  cyclone,  i.e.  the  jet 
stream  core,  whose  strength  is  coupled  to  the  cyclone  intensity.  The 
intensification  of  the  flow,  particularly  at  high  levels,  over  the 
region  of  strong  uplift  makes  positive  shear  more  likely  in  layers 
below  the  jet  stream  level  and  above  the  front.  Thus,  the  seasonal- 
cycle  in  cyclone  intensity  and  the  associated  upper  level  flow  may 
produce  the  observed  seasonal  variation  in  the  relative  frequency  of 
negative  shear  for  thick  cloud  layers.  Since  the  thin  cloud  is  likely 
to  occur  in  a region  of  weak  vertical  lifting,  seasonal  changes  in 
cyclone  intensity  are  more  likely  to  affect  the  areal  extent  than  the 
shear  environment  of  the  thin  clouds.  This  is  because  even  though  a 
more  intense  cyclone  has  a stronger  jet  core  and  a larger  area  of 
faster  flow,  the  region  of  strong  uplift  is  larger  and,  thus,  the  weak 
uplift  region  is  located  farther  away  from  the  jet  core  compared  to 
the  less  intense  cyclone  case. 

Another  factor,  which  might  influence  the  seasonal  cycle,  is  the 
role  of  vertical  transport  of  water  by  deep  convection  in  the  forma- 
tion of  some  of  these  clouds.  Deep  convection  is  most  common  in  summer 
and  spring,  less  common  in  fall  and  rare  in  winter  for  this  domain. 
Thus,  the  seasonal  cycle  of  deep  convection  resembles  the  seasonal 
variation  in  the  relative  frequency  of  negative  shear  for  the  thick 
cloud  cases.  Deep  convection  tends  to  occur  in  close  proximity  to  a 
cold  front  at  the  surface  and  the  associated  upper  level  jet  stream, 
particularly  in  spring.  This  region  is  generally  upstream  from  the 
jet  maximum  and  is  not  in  an  area  of  strong  middle  or  upper  level 
large-scale  lifting.  Horizontal  propagation  of  the  convection  away 
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from  the  surface  front  or  horizontal  transport  of  water  after  injection 
into <the  middle  and  upper  levels  may  cause  the  outflow  cloud  layer  to 
exist  away  from  under  the  jet  core.  Thus,  if  deep' convection  is 
important  in  the  formation  of  some  of  these  thick  cloud  cases,  then 
these  cases  may  exist  in  a substantially  different1 environment  in  terms 
of  large-scale  vertical  motion  and  the  strength  of  the  upper  level  flow 
compared  to  cases  associated  with  elevated  fronts,  which  are  typical 
of  the  winter  season. 

There  are  eight  possible  configurations  for  the  sign  of  the  shear 
in  the  three  layers  of  a given  cloud  case.  In  Table  3,  the  observed 
relative  frequency  of  occurrence  for  each  of  these  configurations  is 
given  for  each  season  for  the  thick  cloud  cases,  (a),  and  for  the  thin 
cloud  cases,  (b).  The  predominance  of  positive  shear  may  be  further 
emphasized  by  noting  that  positive  shear  of  the  horizontal  wind  speed 
is  observed  in  two  or  more  of  the  three  layers  in  84%  to  94%  of  the 
thick  cloud  cases  and  in  86%  to  92%  of  the  thin  cloud  cases  depending 
on  the  season.  Positive  shear  in  all  three  layers  is  the  most  common 
configuration  in  every  season  for  either  cloud  thickness  group.  Near- 
ly one-half  to  greater  than  two-thirds  of  the  cases  exhibit  this 
structure  in  a given  season  for  either  group.  The  next  most  likely 
configurations  are  those  involving  negative  shear  in  only  one  of  the 
layers.  For  the  thin  cloud  cases,  none  of  these  three  structures  is 
significantly  more  likely  than  any  other,  except  in  summer.  In  fact, 
the  spring,  winter  and  fall  seasons  show  almost  no  seasonal  variability 
in  the  relative  frequency  of  any  given  configuration.  This  lack  of 
seasonal  variability  in  the  occurrence  of  the  different  configurations 
corresponds  exactly  to  the  result  noted  above,  from  the  analysis  of 
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Table  3.  Relative  frequency  of  occurrence  in  percent  of  cases  having 
various  configurations  for  the  sign  of  the  vertical  shear 
of  the  horizontal  wind  speed  in  the  over-cloud,  cloud-top 
and  sub-cloud  layers,  i.e.  sign  of  SQ,  ST  and  S<.,  respec- 
tively, for  each  season  (a)  for  thick  cloud  cases  and  (b) 
for  thin  cloud  cases.  Values  for  the  average  season  and 
the  seasonal  range  are  also  given  for  each  configuration. 


the  sign  of  the  shear  in  each  lawyer  independently.  In  summer,  the 
configuration  with  negative  shear  in  only  the  sub-cloud  layer  is  some- 
what more  likely  than  in  other  seasons  and  the  configurations  with 
negative  shear  in  at  least  two  layers  tend  to  be  slightly  more  common. 
The  relative  frequency  of  occurrence  for  the  other  two  structures  with 
positiye  shear  in  only  two  of  the  layers  does  not  change  significantly 
even  in, summer,  i.e.  only  the  structure  with  all  positive  shear  is  less 
likely  in  summer. 

For  the  thick  cloud  cases,  the  seasonal  range  of  relative  fre- 
quency for  each  configuration  is  larger  than  for  the  thin  cloud  cases. 
In  general,  the  spring/fall  season  values  are  most  similar  to  the 
summer/winter  values.  These  results  are  the  same  as  those  derived 
from  the  analysis  of  each  layer  independently.  Other  than  the  sea- 
sonal variation,  the  primary  difference  between  the  thick  and  thin 
cloud  cases  is  that  the  structure  with  negative  shear  in  only  the  sub- 
cloud layer  is  substantially  more  likely  for  the  thick  cloud  cases  in 
all  seasons.  Considering  the  average  of  the  seasonal  values,  the  in- 
creased frequency  of  this  structure  is  almost  equal  to  the  decreased 
frequency  of  the  structure  with  all  positive  shear  compared  to  the 
thin  cloud  cases.  This  is  not  true  on  a season  by  season  basis,  where 
the  relative  frequency  of  occurrence  for  the  other  structures  with  at 
least  one  positive  shear  layer  and  negative  shear  in  the  sub-cloud 
layer  are  also  somewhat  different,  when  comparing  the  thin  and  thick 
cloud  cases. 

For  the  analysis  of  the  magnitude  of  the  vertical  shear  of  the 
horizontal  wind  speed  in  each  of  the  three  layers,  cases  exhibiting 
positive  shear  and  cases  exhibiting  negative  shear  in  the  layer  of 
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interest  are  considered  independently.  The  following  discussion  is 
limited  to  seasonal  means.  As  in  the  case  of  the  dry  static  stability, 
the  means  encompass  quite  a wide  range  of  observed  values.  The 
standard  deviations  for  the  various  means  typically  range  from  nearly 
equal  to  the  mean  to  approximately  twice  the  mean  value.  In  Table  4, 
the  average  shear  in  each  layer  for  each  season  is  given  for  cases 
with  positive  shear  in  the  layer,  S+,  and  for  cases  with  negative  shear 
in  the  layer,  S- , for  the  thick  cloud  cases  (a)  and  for  the  thin  cloud 
cases  (b).  The  values  of  and  3T  may  be  combined  with  the  corre- 
sponding observed  relative  frequency  of  occurrence  given  above  to  ob- 
tain either  or  |S|,  i.e.  the  seasonal  mean  shear  or  the  seasonal 
mean  magnitude  of  the  shear,  respectively. 

Considering  S^,  both  the  thick  cloud  and  thin  cloud  cases  show  a 
maximum  in  winter,  a minimum  in  summer,  and  spring  values  larger  than 
fall  values  for  each  layer.  The  seasonal  pattern  for  S_  is  somewhat 
more  confused.  Due  to  the  small  relative  frequency  of  negative  shear, 
the  pattern  for  |S|  resembles  that  for  S+  very  closely.  The  seasonal 
range  of  S-  is  generally  less  than  one-half  that  of  S+  for  each  layer 
for  either  thickness  group.  Thus,  the  seasonal  cycle  in  cyclone  in- 
tensity and  speed  of  the  upper  level  flow  affects  the  positive  shear 
cases  much  more  than  the  negative  shear  cases.  As  in  the  case  of  the 
sign  of  the  shear,  the  thick  cloud  cases  have  a substantially  greater 
seasonal  range  in  both  S+  and  S for  a given  layer,  when  compared  to 
the  thin  cloud  cases.  This  supports  the  earlier  conclusion  based  on 
the  analysis  of  the  sign  of  the  shear,  that  the  thin  cloud  cases  are 
not  as  sensitive  as  the  thick  cloud  cases  to  the  seasonal  cycle  in 
cyclone  intensity.  In  general,  S+  is  greater  and  |S_|is  less  for  the 
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Table  4.  Mean  vertical  shear  of  the  horizontal  wind  speed  in  m/s/km 
for  each  season  (a)  for  thick  cloud  cases  and  (b)  for  thin 
cloud  cases  for  the  over-cloud,  cloud-top,  and  sub-cloud 
layers,  i.e.  0,  T and  S,  respectively.  The  positive  en- 
tries are  the  means  for  cases  with  positive  shear  in  that 
layer,  i.e.  S+,  and  the  negative  entries  are  the  means  for 

cases  with  negative  shear  in  that  layer,  i.e.  S- . 
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thick  cloud  cases,  when  compared  to  the  thin  cloud  cases  for  a given 
season  and  layer.  For  the  thin  cloud  cases,  |S  | > S+  in  most  in- 
stances, while  except  in  summer,  > |S_|  for  the  thick  cloud  cases. 
Thus,  in  the  mean  for  a season,  when  negative  shear  occurs  in  one  of 
the  layers  of  a thin  cloud,  the  magnitude  of  the  shear  tends  to  be 
greater  than  when  positive  shear  occurs  in  that  layer.  This  is  a 
surprising  result. 

For  the  thick  cloud  cases,  the  minimum  values  of  S+,  |S_|,  and 
| S | occur  in  the  cloud-top  layer  for  each  season  except  in  spring, 
where  the  minimum  values  of  |S_|  and  |S | occur  in  the  sub-cloud  layer. 
The  maximum  values  occur  in  the  sub-cloud  layer  in  each  season  except 
spring,  where  the  maximum  values  of  | S | and  |S|  occur  in  the  cloud- 
top  layer.  For  the  thin  cloud  cases,  the  maximum  values  of  and  |S| 
occur  in  the  over-cloud  layer  in  each  season  except  spring,  where  the 
maximum  values  occur  in  the  cloud-top  layer.  The  maximum  value  of  |"$7| 
occurs  in  the  cloud-top  layer  in  each  season  except  summer,  where  it 
occurs  in  the  sub-cloud  layer.  The  pattern  for  minimum  values  of  S+, 

1 S_ | or  | S | is  confused.  Except  in  winter,  the  difference  between  the 
maximum  and  minimum  values  of  either  S+,  |1P|  or  |S|  observed  for  the 
three  layers  in  a season  is  larger  for  the  thick  cloud  cases  than  for 
the  thin  cloud  cases.  Thus,  more  variability  between  the  layers  is 
observed  for  the  thick  cloud  cases  than  for  the  thin  cloud  cases, 
except  in  winter. 

On  a case-by-case  basis,  four  possible  structures  for  the  magni- 
tude of  the  shear  may  occur.  These  are:  maximum  |S|  in  the  cloud-top 

layer,  decreasing  |S|  with  height  through  the  three  layers,  increasing 
1 S | with  height,  and  minimum  |S|  in  the  cloud-top  layer.  In  Table  5, 
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Table  5.  Relative  frequency  of  occurrence  in  percent  of  cases  having 
various  relative  configurations  of  the  magnitude  of  the 
vertical  shear  of  the  horizontal  wind  speed  in  the  over- 
cloud, cloud-top  and  sub-cloud  layers,  i.e.  |Sq|  , |Sy| 

and  |S_|,  respectively,  for  each  season.  Values  for  the 

average  season  and  the  seasonal  range  are  also  given  for 
each  configuration. 


the  observed  relative  frequency  of  occurrence  of  each  of  these  struc- 
tures for  each  season  for  both  the  thick  cloud  cases  (a)  and  the  thin 
cloud  cases  (b)  is  given. 

The  seasonal  variability  of  the  relative  frequency  of  occurrence 
of  each  structure  is  larger  for  the  thick  cloud  cases  than  for  the  thi 
cloud  cases.  The  two  most  commonly  observed  structures  for  the  thick 
cloud  cases  in  each  season  are  those  with  either  maximum  or  minimum 
shear  magnitude  in  the  cloud-top  layer.  On  an  annual  basis,  they  are 
^50%  more  likely  than  the  other  two  structures.  In  spring,  the  struc- 
ture with  maximum  |S|  in  the  cloud-top  layer  is  somewhat  less  likely 
than  in  the  other  seasons.  The  structure  with  minimum  shear  in  the 
cloud-top  layer  is  substantially  less  likely  in  fall  and  winter  when 
compared  to  spring  and  summer,  where  it  is  the  most  commonly  observed 
structure.  This  structure  corresponds  to  the  mean  structure  for  each 
season,  noted  above,  which  was  derived  from  the  analysis  of  each  layer 
independently.  Thus,  in  fall  and  winter,  the  most  likely  structure 
does  not  correspond  to  the  observed  mean  structure.  If  the  cases  of 
increasing  or  decreasing  |S|  with  height  can  be  assumed  to  cancel  in 
the  computation  of  the  mean  structure,  this  implies  that  if  a typical 
case  with  minimum  |S|  in  the  cloud-top  layer  is  compared  to  a typical 
case  with  a maximum  |S|  in  the  cloud-top  layer,  the  minimum  would  be 
more  pronounced  than  the  maximum. 

For  the  thin  cloud  cases,  the  structure  with  maximum  |S|  in  the 
cloud-top  layer  is  the  most  likely  structure  in  each  season.  The  ob- 
served relative  frequency  of  occurrence  for  each  structure  is  nearly 
constant  with  respect  to  season  except  in  spring  where  the  structure 
with  minimum  |S|  in  the  cloud- top  layer  is  less  likely  and  the 
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structure  with  maximum  |S|  in  the  cloud-top  layer  is  more  likely  than 
in  the  other  seasons.  This  is  opposite  to  what  is  observed  in  the 
thick  cloud  cases.  Except  in  spring,  the  most  likely  structure  for 
the  thin  cloud  cases  does  not  correspond  to  the  mean,  structure  for  a 
season,  given  in  Table  4b. 

3.'. 3 Richardson  Number 

The  results  of  the  analyses  of  the  Richardson  number  in  the  over- 
cloud, cloud-top,  and  sub-cloud  layers,  i.e.  Rq,  Rj  and  R<.,  respec- 
tively, are  discussed  in  this  section.  Richardson  numbers  for  the 
350  mb  to  450  mb  layer,  R^,  and  the  650  mb  to  750  mb  layer,  R7>  are 
also  considered. 

Seasonal  mean  Richardson  number  for  a layer  is  not  a very  useful 
quantity.  This  is  primarily  due  to  the  inverse-square  dependence  of 
R on  the  vertical  wind  shear,  S.  For  cases  where  S is  small,  R is 
very  large  and  greatly  affects  the  means  and  corresponding  standard 
deviations.  For  these  analyses,  if  S = 0 or  if  R ^ 60,  then  R is 
arbitrarily  set  equal  to  60.  For  all  the  layers  considered,  both  the 
seasonal  mean  Richardson  numbers  and  the  corresponding  standard  devia- 
tions are  largest  in  summer  and  smallest  in  winter.  The  fall  and 
spring  values  are  generally  close  to  the  winter  values,  i.e.  always 
closer  to  winter  than  to  summer.  For  the  thick  cloud  cases,  the  values 
of  Rq,  Rt  and  R^  each  range  from  M2  to  M8  with  corresponding  standard 
deviations  of  from  M9  to  ^31.  For  the  thin  cloud  cases,  the  value  of 
R^  ranges  from  M4  to  M9  with  standard  deviations  of  from  M8  to  M?4, 
respectively.  The  values  of  TTp  and  T^T  each  range  from  M3  to  M6  with 
standard  deviations  from  M 8 to  ^22,  respectively.  The  values  of 


and  R^,  each  range  from  M4  to  M6.  The  analysis  of  Richardson 
number  over  thick  layers,  such  as  for  and  Ry,  is  not  very  interest- 
ing. Less  than  1%  of  all  sondes  have  either  R^  or  Ry  values  within  a 
factor  of  two  of  the  turbulence  threshold,  i.e.  R < 0.5.  This  result 
is  unchanged  if  only  cloud  case  sondes  are  used.  The  percentage  of  all 
sondes  exhibiting  values  of  Ry  or  R^  less  than  or  equal  to  4.0  ranges 
from  ^10%  to  <30%  for  R^  and  from  <15%  to  <30%  for  Ry  with  the  minimum 
values  occurring  in  summer  and  the  maximum  values  occurring  in  winter. 
These  values  are  increased  by  a couple  of  percentage  points,  if  only 
cloud  case  sondes  are  used. 

For  the  following  discussion,  no  distinction  is  made  between 
thick  and  thin  cloud  cases.  Differences  between  these  groups  are  con- 
sidered later.  In  Figure  9,  the  relative  frequency  of  occurrence  of 
cloud  cases  with  Richardson  number  less  than  or  equal  to  a given  value 
in  each  of  the  over-cloud,  cloud-top,  and  sub-cloud  layers  is  given  for 
both  the  summer  and  winter  seasons.  Similar  plots  for  fall  and  spring 
lie  between  the  corresponding  winter  and  summer  curves  and  are  general- 
ly closer  to  the  winter  curve.  In  summer,  a higher  percentage  of  the 
cloud  cases  have  values  of  Rq,  Ry  and  R<~  less  than  or  equal  to  0.25, 
when  compared  to  the  winter  season.  However,  the  winter  cases  show  a 
larger  relative  frequency  of  Rq,  Ry  and  R^  less  than  or  equal  to  4.0, 
i.e.  relatively  small  Richardson  number,  when  compared  to  the  summer 
season.  In  all  seasons,  the  relative  frequency  of  cases  with 
Richardson  number  less  than  some  given  value  is  greatest  for  the  cloud- 
top  layer  and  smallest  for  the  over-cloud  layer.  This  does  not  hold 
for  the  smallest  Richardson  numbers,  as  in  winter,  the  sub-cloud  layer 
most  frequently  exhibits  values  less  than  0.2  and  in  summer,  the 
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Figure  9.  Relative  frequency  of  occurrence  of  cloud  cases  having 

Richardson  number  less  than  or  equal  to  X for  each  of  the 

over  cloud,  cloud-top  and  sub-cloud  layers  in  winter  and  in 
summer. 


sub-cloud  layer  least  frequently  exhibits  values  less  than  'U).4.  The 
cloud-top  layer  possesses  the  maximum  Richardson  number  of  the  three 
layers  in  nearly  40%  of  the  cases  in  an  average  season.  However,  in 
nearly  35%  of  the  cases,  minimum  Richardson  number  is  observed  in  this 
layer. 

The  data  shown  in  Figure  9 and  the  preceeding  discussion  are  most 
applicable  to  the  thin  cloud  cases  due  to  the  dominance  of  these  cases 
in  the  total  cloud  case  sample.  For  the  thick  cloud  cases,  the  small- 
est values  of  Richardson  number  tend  to  be  less  common  for  the  sub- 
cloud and  cloud- top  layers  and  more  likely  for  the  over-cloud  layer, 
when  compared  to  the  thin  cloud  cases.  The  differences  in  relative 
frequency  amount  to  less  than  3%  between  the  two  groups  at  Richardson 
numbers  less  than  0.5  in  each  season.  Considering  cases  exhibiting 
Richardson  numbers  less  than  or  equal  to  4.0,  the  same  pattern  is  found 
though  the  differences  between  the  thin  and  thick  cloud  cases  for  a 
given  layer  are  larger,  i.e.  ^12%  maximum  difference. 

A Richardson  number  of  *^0.25  or  less  for  the  mean  flow  is  re- 
quired for  turbulence  and  turbulent  transports  to  be  maintained  by  the 
mean  flow.  Since  only  a small  percentage  of  these  cases  exhibit  such 
small  Richardson  numbers,  it  is  concluded  that,  in  general,  these 
clouds  are  not  formed  as  a result  of  widespread  turbulence  generated 
by  the  mean  flow.  The  Richardson  number  quantifies  the  relative  im- 
portance of  buoyancy  forces  and  mechanical  forces,  i.e.  shear,  in  the 
production  of  turbulent  kinetic  energy  and,  thus,  also  the  turbulent 
energy  transports.  Considering  the  cloud-top  layer,  in  only  20%  of 
the  winter  cases  and  in  only  15%  of  the  summer  cases,  is  the  mechanical 
production  greater  than  or  equal  to  the  buoyancy  production.  Thus,  in 


general,  buoyancy  forces  are  the  more  dominant  factor  influencing  the 
production  of  turbulent  kinetic  energy  and  the  associated  convective 
energy  transports  for  middle  and  upper  tropospheric  stratiform  clouds. 
Therefore,  it  is  primarily  thermal  perturbations  and  not  wind  speed 
perturbations  that  are  responsible  for  vertical  eddy  circulations  with- 
in these  clouds. 

These  analyses  seem  to  be  sensitive  to  the  vertical  resolution  of 
the  data  set.  This  may  be  seen  by  comparing  the  relative  frequency  of 
the  very  small  values  of  Richardson  number,  i.e.  <:  0.25,  for  the  cloud- 
top  layer  to  that  of  the  350  mb  to  450  mb  layer  for  cloud  case  sondes. 
The  difference  in  relative  frequency  is  more  than  an  order  of  mangi- 
tude.  The  mean  cloud-top  layer  is  ^ ^ the  pressure  thickness  of  the 
350  mb  to  450  mb  layer.  It  is  possible  that  with  better  vertical 
resolution,  the  smallest  values  of  Richardson  number  may  occur  more 
frequently.  However,  since  all  significant  levels  are  included  in 
the  rawinsonde  data  set,  we  suggest  that  this  problem  in  minor. 

Recall  that  slight  errors  in  the  location  of  cloud-top  pressure 
were  hypothesized  based  on  the  analysis  of  dry  static  stability,  i.e. 
Section  3.1.  If  this  is  true,  then  the  effect  on  the  frequency  dis- 
tribution of  Richardson  numbers  is  to  reduce  the  relative  frequency 
of  small  values  for  the  over-cloud  layer  and  increase  the  relative 
frequency  of  small  values  for  the  cloud- top  layer.  It  is  unlikely 
that  these  adjustments  would  substantially  alter  the  above  conclusions. 


4.  SUMMARY  AND  CONCLUSIONS 


This  study  characterizes  the  static  environment  of  middle  and 
upper  tropospheric  stratiform  clouds  as  deduced  from  rawinsonde  data 
from  24  continental  U.S.  stations  between  30°N  and  50°N  latitude  for 
the  year  1977.  The  analyses  are  limited  to  pressures  less  than  500  mb 
and  temperatures  between  0°C  and  -40°C.  Thus,  primarily  ice-phase 
cloud  forms  are  considered.  Computed  relative  humidity  with  respect 
to  ice  is  used  to  diagnose  the  presence  of  a cloud  layer.  Good  agree- 
ment is  found  between  climatological  estimates  of  seasonal  mean  middle 
and  upper  tropospheric  cloud  cover  deduced  from  surface  observations 
and  estimates  based  on  this  technique. 

Thin  cloud  layers  and  thick  cloud  layers  are  treated  independent- 
ly. A saturated  layer  which  is  less  than  or  equal  to  50  mb  thick  is 
designated  as  a thin  cloud  case.  Otherwise,  the  saturated  layer  is 
defined  as  a thick  cloud  case.  The  analyses  are  performed  on  a sea- 
sonal basis.  No  regional  distinctions  are  attempted. 

Three  layers  are  defined  for  the  analysis  of  a cloud  case.  These 
are  the  uppermost  saturated  layer,  the  next  higher  layer  and  the  layer 
below  the  lowest  saturated  layer,  i.e.  the  cloud-top  layer,  the  over- 
cloud layer  and  the  sub-cloud  layer,  respectively.  Cloud  cases  with 
missing  data  at  any  of  the  levels  defining  these  layers  are  eliminated 
from  the  analyses.  Over  3600  cloud  cases  qualified  for  the  analysis. 
For  each  of  the  layers,  the  dry  static  stability,  the  vertical  shear 
of  the  horizontal  wind  speed  and  the  atmospheric  analog  of  the 
Richardson  number  are  computed.  Seasonal  means  for  each  of  these 
quantities  for  both  cloud  thickness  groups  are  presented.  The 


corresponding  relative  frequency  distributions  are  also  presented  for1 
some  of 'these  quantities.  In  addition,  various  structures  for  each 
parameter  are  defined  in  terms  of  the  relative  values  of  the  parameter 
in  each  of  the  three  layers,  e.g.  increasing  stabil ity  with  height 
through  the  three  layers.  The  relative  frequency  of  occurrence  of 
these  structures  is  presented  for  each  season  and  thickness  group. 

A number  of  different  conceptual  models  of  the  stability  strati- 
fication and  shear  structure  associated  with  these  cloud  forms  are 
briefly  reviewed.  This  study  attempts  to  establish  (in  a quantitative 
way)  the  applicability  of  each  of  these  models  for  the  domain  of  this 
analysis . 

On  a case  by  case  basis,  the  observed  values  of  the  dry  static 
stability,  the  vertical  shear  of  the  horizontal  wind  speed  and  the 
Richardson  number  may  vary  over  quite  large  ranges  for  each  layer  for 
either  cloud  thickness  group.  The  observed  stability  stratification 
and  vertical  wind  shear  structure  about  cloud  layers  is  found  to  be 
quite  variable.  Cloud  cases  exhibiting  structures  corresponding  to 
each  of  the  different  conceptual  models  may  be  found  in  all  seasons 
for  both  cloud  thickness  groups.  Some  structures  are  found  to  be  sub- 
stantially more  common  than  others.  Some  of  the  observed  variability 
may  possibly  be  explained  as  arising  from  errors  in  locating  the  actual 
cloud- top  level.  These  errors  may  arise  due  to  the  differing  response 
rates  of  the  humidity  and  temperature  sensors,  (i.e.  hysterisis  of  the 
humidity  sensor  may  lead  to  an  indication  of  continuing  saturation  for 
a small  distance  after  the  sonde  has  exited  the  cloud  layer).  How- 
ever, the  corresponding  indicated  temperatures  and,  thus,  stability 
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pertain  to  the  over-cloud  layer  as  the  response  of  the  temperature 
sensor  is  much  faster,  especially  for  these  temperatures  and  pressures. 

The  major  conclusions  resulting  from  these  analyses  are  presented 
below. 

1.  In  all  aspects,  the  thick  cloud  cases  exhibit  larger 
seasonal  variability,  than  the  thin  cloud  cases. 

Since  cyclone  intensity  and  the  associated  upper 
level  flow  undergo  substantial  seasonal  cycles,  it 
is  concluded  that  the  environment  of  thick  middle 
and  upper  level  cloud  forms  is  much  more  strongly 
tied  to  cyclone  intensity  than  that  associated  with 
thin  cloud  forms. 

2 . Buoyancy  forces  are  the  primary  factor  influencing 
the  generation  of  turbulent  kinetic  energy,  and, 
hence  are  the  primary  forces  maintaining  the 
vertical  transports  in  middle  and  upper  tropo- 
spheric clouds.  In  only  15-20%  of  the  cloud  cases 
is  the  mechanical  generation,  i.e.  shear  production, 
of  turbulent  kinetic  energy  of  equal  or  greater 
magnitude.  Only  rarely  is  production  greater  than 
dissipation  of  turbulent  kinetic  energy  in  the  mean 
flow.  Thus,  the  turbulent  energy  transports 
associated  with  these  cloud  forms  do  not  result 
from  turbulence  maintained  by  the  mean  flow. 

3.  Thick  Cloud  Layers 

a.  The  classical  model  of  the  cloud  layer  existing 
just  above  an  elevated  frontal  zone  is  appropriate 


for  a majority  of  the  thick  cloud  cases.  However, 
a substantial  portion  of  the  cases  do  not  exhibit 
the  very  stable  sub-cloud  layer  associated  with  a 
front.  This  may  be  partly  due  to  problems  in 
locating  cloud  base  or  to  the  actual  extension  of 
the  cloud  layer  below  the  front  due  to  precipita- 
tion processes  occurring  in  its  mature  stage. 

A majority  of  the  cases,  also,  exhibit  a relatively 
stable  layer  in  the  vicinity  of  cloud-top.  It  is 
not  clear  whether  this  feature  may  be  typically 
explained  as  a frontal  zone  or  simply  due  to  radia- 
tive and  evaporative  processes  occurring  in  this 
region. 

Well  mixed  conditions  are  not  commonly  observed  in 
any  of  the  three  layers,  i.e.  < M5%  of  the  cases 
for  either  of  the  layers  exhibit  a moist  adiabatic 
lapse  rate.  However,  lapse  rates  within  l°K/km  to 
2°K/km  of  moist  adiabatic  are  typically  observed  in 
the  cloud-top  layer. 

The  vertical  shear  of  the  horizontal  wind  speed  is 
most  commonly  a maximum  in  either  the  sub-cloud 
layer  or  the  cloud-top  layer.  This  supports  the 
conclusion  that  a frontal  zone  is  typically  associated 
with  the  sub-cloud  layer  and  that  a stable  capping 
layer  exists  in  many  cases.  The  structure  with 
maximum  vertical  shear  of  the  horizontal  wind  speed 
occurring  in  the  sub-cloud  layer  is  the  mean  structure 


observed. 
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4.  Thin  Cloud  Layers 

a)  The  typical  structure  observed  for  the  thin  cloud 
cases  does  not  correspond  to  the  classical  model. 

In  fact,  the  sub-cloud  frontal  zone  is  not  commonly 
observed. 

b)  The  over-cloud  layer  is  very  stable  in  a majority 
of  the  cases.  The  observed  stability  strongly 
suggests  the  presence  of  a frontal  zone.  However, 
the  potential  effects  of  radiative  and  evaporative 
processes  could  possibly  account  for  this  structure. 

A majority  of  the  cases,  which  do  not  exhibit  the 
very  stable  over-cloud  layer,  do  show  a tendency 
for  a weak  stability  maximum  in  the  vicinity  of 
cloud- top. 

c)  The  cloud- top  layer  and  the  sub-cloud  layer  are 
found  to  be  very  similar  in  most  regards.  Approxi- 
mately 25%  of  the  cases  exhibit  lapse  rates  corre- 
sponding to  near  moist  adiabatic  conditions  in  these 
two  layers,  i.e.  the  layers  are  well  mixed.  Typically, 
the  observed  stability  of  these  two  layers  corresponds 
to  lapse  rates  within  l°K/km  to  2°K/km  of  the  moist 
adiabatic  lapse  rate. 

d)  In  the  mean,  vertical  wind  shear  is  a maximum  in  the 
over-cloud  layer  though  maximum  or  minimum  shears 
are  most  commonly  observed  in  the  cloud-top  layer. 

A surprising  result  is  that  the  magnitude  of  the 
shear  is  observed  to  be  larger  when  negative  shear 


is  observed,  than  when  positive  shear  is  observed  for 
each  of  the  layers  for  the  thin  cloud  cases.  We  do 
not  have  an  explanation  of  this  occurrence.  The 
thick  cloud  cases  show  the  opposite  tendency. 
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HAMPTON.  VlttGIN<\ 

In  recent  years,  middle  and  upper  tropospheric  stratiform  clouds 
have  been  increasingly  recognized  as  an  important  factor  in  modulating 
climate  (Schneider  et  al. , 1978).  This  is  particularly  true  of  cirrus 
clouds  (Cox,  1971).  The  reason  for  this  importance  is  twofold.  First, 
middle  and  upper  tropospheric  stratiform  clouds  cover  extensive  areas 
of  the  earth.  Based  on  surface  observations,  London  (1957)  estimated 
the  seasonal  mean  zonal  cloud  cover  at  these  levels  to  range  from  20% 
to  40%  depending  on  the  season  and  latitude  zone . Starr  and  Cox 
(1980)  gave  similar  results  based  upon  their  analysis  of  rawinsonde 
data.  Second,  clouds  are  very  radiatively  active.  Particularly  for 
cirrus  clouds,  the  radiative  effects  are  further  enhanced  due  to  their 
vertical  location  relative  to  the  vertical  radiative  structure  of  the 
clear  atmosphere.  This  effect  has  been  previously  noted  by  Starr 
(1976),  Cox  (1971)  and  Manabe  and  Strickler  (1964)  among  others.  The 
potential  magnitude  of  the  radiative  effects  of  clouds  may  be  seen  in 
Figure  1.  The  data  points  correspond  to  computed  broadband  infrared 
heating  rates  for  the  entire  atmospheric  column  in  a maritime  tropical 
atmosphere  for  various  specified  cloud  top  pressures  and  cloud  infrared 
radiative  properties.  Note  that  e may  be  interpreted  as  the  product 
of  the  area  cloud  cover  and  the  broadband  infrared  cloud  emittance. 

The  effect  of  cloud  location  and,  thus,  cloud  temperature  is  clearly 
seen  in  the  increasing  sensitivity  of  the  total  atmospheric  cooling  to 
the  specification  of  cloud  cover  and  cloud  emittance  as  cloud  top  pres- 
sure and,  thus,  temperature  decrease.  It  is  of  note  that  radiatively 
black  high  level  cirrus  clouds  can  halve  the  total  column  cooling.  It 
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CLOUD  TOP  PRESSURE,  (kPa) 


is  precisely  the  latitudinal  gradient  of  radiative  heating  which  drives 
the  general  circulation  and,  thus,  is  a primary  factor  in  determining 
global  climate  (Lorentz,  1967). 

As  noted  by  Starr  (1976),  the  radiative  effects  of  upper  level 
clouds  on  the  static  stability  structure  of  the  atmosphere  are  poten- 
tially even  more  significant,  i.e.  changes  in  the  vertical  structure  of 
radiative  heating.  It  follows  that  upper  level  clouds  may  have  a sig- 
nificant effect  on  the  way  that  the  atmosphere  responds  to  the  radiative 
forcing.  This  may  be  seen  in  the  results  of  Yanai  et  aL . (1976),  where 
the  response  of  cumulus  convection  to  the  large-scale  radiative  environ- 
ment is  very  sensitive  to  the  vertical  radiative  structure.  At  the 
least,  clouds  and  particularly  high  level  clouds  are  potentially  the 
single  most  important  atmospheric  parameter  modulating  the  local  radia- 
tive budget  of  the  atmosphere. 

However,  the  interaction  and  relative  importance  of  the  various 
physical  processes  involved  in  the  formation,  maintenance  and  dissipa- 
tion of  upper  level  cloud  layers  are  not  well  understood.  In  addition, 
quantitative  information  as  to  the  physical  properties  of  these  cloud 
types  has  been  lacking.  The  reasons  for  this  lack  of  basic  knowledge 
are  primarily  twofold.  The  impact  on  man  of  upper  level  cloudiness 
has  been  widely  believed  to  be  minimal.  These  clouds  are  not  a direct 
source  of  economic  or  life  damaging  severe  weather  nor  are  they  directly 
responsible  for  precipitation  which  may  harm  or  benefit  man. 

Besides  their  potential  importance  on  climatic  time  scales,  it 
has,  also,  been  suggested  that  cirriform  clouds  may  play  a significant 
role  in  enhancing  the  precipitation  efficiency  of  mid-latitude  cyclone 
systems  by  acting  as  a natural  cloud  seeding  agent  (Braham  and 


Spyers-Duran,  1967,  Douglas  et  al.,  1957  and  Marshall  et  al. , 1952) 
and,  also,  in  modulating  the  intensity  of  tropical  weather  systems  by 
means  of  their  radiative  effects  (McBride  and  Gray,  1980  and  Foltz  and 
Gray,  1979).  Cox  (1969)  has  shown  that  the  radiative  effects  of  cirrus 
clouds  may  enhance  both  the  growth  and  decay  stages  of  mid-latitude 
cyclones.  It  is  also  obvious  that  the  presence  of  upper  level  clouds 
may  affect  the  subsequent  initiation  and  intensity  of  mesoscale  convec- 
tion by  modulating  the  incipient  environment  through  their  radiative 
influence  on  surface  and  atmospheric  temperatures.  For  similar  rea- 
sons, upper  level  cloudiness  may  significantly  impact  agricultural  pro- 
duction parti cularly  for  crops  which  are  crucially  sensitive  to  surface 
temperature , e.g.  com.  Relatively  small  changes  in  agricultural  pro- 
duction, including  the  forecasting  thereof,  are  becoming  increasingly 
important  to  society  as  a whole  due  to  the  pressures  of  growing  popula- 
tion and  the  subsequent  economic  ramifications.  For  these  reasons,  in- 
advertent weather  modification  due  to  cirrus  cloud  formation  in  the 
wake  of  jet  aircraft. has  received  increased  attention  of  late  (e.g. 
Machta  and  Carpenter,  1971).  Thus,  it  is  now  apparent  that  upper  level 
cloudiness  may  have  a substantial  impact  on  man  and,  thus,  is  a worthy 
topic  for  research. 

The  second  reason  that  cirriform  clouds  are  not  well  understood 

resides  in  one  simple  fact.  They  are  located  high  in  the  atmosphere. 

Until  the  advent  of  jet  aircraft,  in  situ  observations  were  very  diffi- 
ib  ‘nakc 

cult^and,  thus,  very  sparse  (Heymsfield,  1975a).  Even  with  high  alti- 
tude research  aircraft,  sampling  problems  are  substantial,  primarily 
due  to  the  required  aircraft  speed  at  such  altitudes.  Only  recently, 
with  the  introduction  of  optical  particle  sampling  devices  ’ 


with  very  fast  sampling  rates  (Knollenberg,  1970),  have  substantial 
quantities  of  raicrophysieal  observations  been  made,  e.g.  Griffith  et  al. 
(1980),  Varley  (1978),  Heymsfield  (1975a,  1977),  and  Hobbs  et  al . 

(1975).  It  should  also  be  noted  that  until  the  mid  1970's,  even  rawin- 
sonde  humidity  data  at  middle  and  upper  tropospheric  levels  were  in- 
accurate and  highly  unreliable  especially  during  daylight  hours  (Starr 
and  Cox,  1980,  Rhea,  1978  and  Betts,  1973a).  In  addition,  observations 
of  the  radiative  properties  of  cirrus  clouds  are  now  becoming  more 
plentiful,  e.g.  Paltridge  and  Platt  (1980),  Griffith  et  al.  (1980),  Cox 
(1976)  and  Allen  (1971).-  Thus,  the  information  available  has  now  in- 
creased to  the  point  where  a detailed  consideration  of  the  physical 
processes  involved  in  the  life  cycle  of  upper  level  cloud  layers  is  now 
feasible  and  warranted. 

To  date,  studies  in  this  area  have  been  of  limited  scope  and  very 
qualitative,  e.g.  Yagi  (1969),  Matvejev  (1965),  Conover  (i960),  Oddie 
(1959)  and  Ludlam  (1947,  1956).  Exceptions  to  this  are  the  excellent 
studies  of  Heymsfield  (1975c,  1977),  where  dynamical  and  microphysieal 
aspects  were  considered  in  some  detail.  The  study  presented  here  may 
be  regarded  as  a theoretical  extension  of  these  preliminary  studies. 

The  deficiencies  in  our  understanding  of  cirrus  clouds  are  probably 
best  exemplified  by  noting  the  very  simplistic  treatment  of  these  cloud 
types  in  general  circulation  models  (i.e.  GCMs).  When  cloudiness  is 
carried  as  an  interactive  model  conponent,  (which  is  not  the  case  in 
many  simulations  reported  in  the  literature  where  climatology  is  speci- 
fied), the  diagnosis  of  upper  level  cloud  amounts  is  based  on  a formu- 
lation given  by  Smagorinsky  (i960)  or  something  very  similar  where  the 
large-scale  relative  humidity  is  the  determining  factor.  A large-scale 
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vertical  velocity  criterion  is  also  used  in  many  instances.  The  wide- 
spread use  of  this  specific  formulation  (Starr  and  Cox,  1977)  is  more 
a consequence  of  its  availability  than  any  assurance  as  to  its  actual 
appropriateness.  Though  it  may  fortuitously  have  some  statistical 
significance  (Sommeria  and  Deardorff,  1977),  it  was  originally  derived 
from  upper  air  relative  humidity  data  which  were  nortoriously  inaccurate 
at  that  time,  as  noted  previously.  In  addition,  it  implicitly  relies 
on  the  appropriateness  of  what  may  be  called  the  "classical  model"  for 
slope  convection.  In  this  model,  which  is  depicted  in  Figure  2,  upper 
level  cloud  layers  result  from  the  lifting  and  subsequent  adiabatic 
cooling  to  saturation  of  air  masses  in  association  with  frontal  motions. 
Conover  (i960)  points  out  that  this  does  not  seem  to  be  the  case  with 
jet  stream  cirrus  layers.  Starr  and  Cox  (1980)  reported  that  based  on 
an  extensive  climatological  study  of  the  static  stability  and  wind  shear 
structures  associated  with  upper  level  clouds,  that  the  classical  model 
was  inappropriate  in  a large  portion  of  the  total  cases.  This  was 
particularly  evident  with  thin  fair  weather  cloud  forms.  The  observa- 
tional studies  of  fair  weather  cirrus,  alluded  to  earlier  generally 
support  this  conclusion.  As  pointed  out  by  Roach  and  Bader  (1977), 
once  formed,  ice  phase  clouds  are  observed  to  persist  for  significant 
time  periods  in  seemingly  unfavorable  environments,  where  the  classical 
model  would  fail  to  diagnose  their  presence. 

Furthermore,  cirrus  cloud  layers  are  generally  assumed  to  be  half 
black  in  the  infrared.  As  pointed  out  by  Allen  (1971),  this  choice 
seems  to  be  more  a result  of  knowing  that  the  emittance  had  to  be  less 
than  one  but  greater  than  zero  than  any  real  theoretical  or  observa- 
tionally  based  criteria. 
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Figure  2.  Classical  model  of  the  environment  associated  with  slope  convection.  Mote 
that  strong  vertical  shear  of  the  horizontal  wind  direction  exists  across 
the  frontal  zone. 


Thus,  the  parameterizations  of  cirrus  clouds  generally  employed  in 
GCM* s are  seen  to  have  only  a weak  physical  basis.  It  is  the  aim  of 
this  study  to  begin  to  form  a comprehensive  physical  basis  upon  which 
future  improvements  in  this  area  may  be  made.  It  should  be  noted  that 
recently,  more  realistic  treatments  of  middle  level  stratiform  cloudi- 
ness have  been  reported  (Sundquist,  1978,  1980)  where  cloud  water  is 
actually  carried  in  the  model.  However,  this  parameterization  is  more 
appropriate  to  liquid  phase  clouds.  As  will  be  shown  later,  the  dif- 
ferences between  liquid  and  ice  phase  stratiform  clouds  are  substantial. 

The  objective  of  this  study  is  to  gain  a basic  understanding  of  the 
interplay  of  the  various  physical  processes  involved  in  the  formation, 
maintenance  and  decay  of  middle  and  upper  tropospheric  stratiform 
clouds.  The  focus  of  the  study  is  limited  primarily  to  ice  phase,  fair 
weather  cloud  forms.  Thus,  mixed  phase  clouds  are  not  considered.  In 
addition,  deep  cloud  layers  associated  with  regions  of  strong  lifting 
in  cyclones  are  not  directly  addressed.  A modelling  approach  is  adopt- 
ed, where  simulations  of  cirriform  clouds,  which  attempt  to  incorporate 
the  important  physical  processes  in  an  interactive  manner,  are  per- 
formed. 

The  choice  of  a specific  modelling  approach  is  highly  influenced 
by  the  fact  that  the  interrelationship  between  a number  of  presumably 
important  physical  parameters  are  unknown  or,  at  the  least,  highly 
speculative  at  this  time.  For  example,  the  bulk  radiative  properties 
of  a cloud  such  as  its  infrared  emittance  and  solar  absorptance  must  be 
related  through  the  microphysical  properties  of  the  cloud.  Only  re- 
cently have  theoretical  studies  of  ice  clouds,  which  address  this 
issue,  been  reported,  (e.g.  Stephens,  1980  and  Liou,  1972).  However, 


such  theoretical  relationships  rely  critically  on  the  assumed  crystal 
habit  and  size  spectrum  and  also  possibly  on  the  assumed  crystal  orien- 
tations. How  these  properties  depend  on  the  dynamic,  thermodynamic  and 
radiative  environment  of  the  cloud  is  uncertain.  Empirical  studies, 
e.g.  Paltridge  and  Platt  (1980)  and  Griffith 'et  al.  (1980),  also  suffer 
from  uncertainty  due  to  the  scatter  of  the  observations.  Because  of 
these  uncertainties,  the  modelling  philosophy  adopted  here  is  to  choose 
an  approach  which  is  the  most  simple  method  capable  of  yielding  realis- 
tic simulations.  In  this  way,  the  sensitivity  of  simulations  to  the 
choice  of  various  parameters  may  be  economically  established  in  a real- 
istic manner. 

A two-dimensional,  time-dependent,  Eulerian  numerical  model,  which 
incorporates  all  of  the  important  physical  processes  in  a simplified 
way  is  employed  to  investigate  the  role  of  these  processes  in  the  evolu- 
tion of  a cloud  in  an  isolated  atmospheric  layer.  A time-dependent 
approach  was  adopted  so  that  the  changing  roles  of  various  processes 
at  different  stages  of  the  cloud  life  cycle  might  be  investigated.  A 
Eulerian  model  is  employed  due  to  the  abundance  of  knowledge  available 
as  to  the  mechanics  of  this  type  of  model.  By  two-dimensional,  denoted 
2-D,  we  mean  that  solutions  are  obtained  for  dependent  model  variables 
in  two  space  dimensions,  e.g.  (x,  z,  t). 

A full  3-D  modelling  approach,  e.g.  Sommeria  (1976),  Cotton  and 
Tripoli  (1978),  was  rejected  primarily  because  of  the  substantial  in- 
creases in  computing  requirements  and  complexity.  While  a 3-D  model 
has  the  advantages  of  being  capable  of  simulating  the  effects  of  spae- 
ial  variability  of  the  large-scale  environment  and  full  three- 
dimensional  turbulent  transport  processes,  the  focus  of  this  study  is 


on  local  scale  control,  i.e.  cloud  forms,  which  are  not  dominated  by 
large-scale  processes.  The  neglect  of  turbulent  transports  in  a third 
space  dimension  is  not  felt  to  be  too  severe  of  a drawback  to  the  2-D 
approach  especially  considering  the  present  state  of  knowledge. 

A 1-D  modelling  approach  was  rejected  primarily  because  of  un- 
certainty as  to  the  appropriateness  of  the  required  closure  assumption 
and  the  desire  to  capture  more  detail  in  the  simulations  as  an  aid  in 
gaining  understanding.  The  primary  advantages  of  a 1-D  modelling 
approach  are  the  overall  simplicity  of  the  model  and  the  resulting 
computational  economy.  In  the  case  of  entrainment  type  models,  e.g. 
Lilly  (1968),  Schubert,  et  al.  (1979),  and  Randall  (1980),  these  advan- 
tages are  at  least  partially  offset  by  their  limited  applicability. 

The  assumed  the rmo dynamic  and  dynamic  structure  of  the  environment, 
which  is  necessary  and  crucial  to  the  entrainment  closure  assumption, 
may  not  be  nearly  as  applicable  to  the  problem  here  as  to  the  strato- 
eumulus  problem  which  they  considered.  This  conclusion  is  supported  by 
the  work  of  Starr  and  Cox  (1980).  A more  global  1-D  approach  as  been 
employed  by  Oliver,  et  al . (1978).  They  employ  a second  order  turbu- 
lence closure,  where  the  required  correlation  coefficients  for  turbu- 
lence parameters  are  diagnosed  from  the  structure  of  the  basic  state 
based  on  empirical  relationships  derived  primarily  from  observations  in 
the  atmospheric  boundary  layer.  These  relationships  are  believed  to  be 
more  general  but  may  not  be  universal. 

An  obvious  important  advantage  of  a 2-D  or  3-D  modelling  approach, 
when  compared  to  the  1-D  approach,  is  that  horizontal  structure  is  ex- 
plicitly resolved  on  the  grid  scale.  This  may  be  a substantial  aid 
in  clarifying  the  interpretation  of  results,  particularly  if  the 


evolution  of  such  structure  is  important  in  the  understanding  of  the 
cloud  life  cycle  process  as  noted  by  Ludlam  (1947)  and  Heymsfield 
( 1975b).  Furthermore,  if  a reasonably  small  grid  interval  is  used, 
much  of  the  turbulent  transports  are  explicitly  resolved.  In  this  case, 
the  choice  of  a particular  turbulence  closure  scheme  for  the  model, 
which  accounts  for  processes  acting  at  a scale  less  than  the  grid  in- 
terval, may  not  be  as  crucial  to  the  results.  In  this  sense,  the 
universality  of  the  closure  need  not  be  as  rigorously  established  as 
in  the  case  of  a 1-D  model  where  essentially  all  turbulent  transport 
processes  are  parametrically  represented.  Asai  and  Nakamura  (1978), 
Amason  et  al . , ( 1968 ) and  Lilly  ( 1962 ) among  others  have  successfully 
applied  the  2-D  approach  in  studies  of  convection  in  the  atmospheric 
boundary  layer  and  lower  troposphere . 


II . THEORY 


The  theoretical  framework,  which  forms  the  basis  for  the  numerical 
model,  is  developed  in  this  chapter.  Before  presenting  the  governing 
equations,  some  general  interpretive  considerations  must  be  made.  Time 
dependent  solutions  to  the  governing  equations  are  obtained  on  a rec- 
tangular, two-dimensional,  vertical  plane  of  constant  elevation.  Loca- 
tions within  this  plane  are  specified  in  terms  of  a horizontal  coordi- 
nate, x,  and  a vertical  coordinate,  z.  No  particular  geographic 
significance  in  terms  of  orientation  should  be  ascribed  to  the  direc- 
tion of  the  x-axis. 

Consistent  with  the  use  of  a two-dimensional  approach  as  developed 
here,  solutions  may  be  interpreted  for  the  full  three  space  dimensional 
case  as  corresponding  to  a slice  perpendicular  to  some  mean  horizontal 
wind  component  as  depicted  in  Figure  3.  In  this  sense,  the  solution 
domain  may  be  viewed  as  being  advected  along  the  direction  of  this  mean 
wind  component.  Thus , the  model  is  not  formally  applicable  to  the 
situation  where  vertical  or  horizontal  shears  of  the  mean  current  are 
present  within  the  plane  of  interest.  A second  interpretation,  which 
might  be  invoked,  is  that  the  solution  domain  is  fixed  relative  to  the 
earth.  In  this  case,  the  plane  must  again  be  oriented  perpendicular 
to  the  mean  horizontal  current  where  no  wind  shears  are  permitted  in 
this  current.  However,  it  is  explicitly  assumed  in  this  instance  that 
the  slice  under  consideration  is  exactly  the  same  as  any  other  similar- 
oriented  slice.  Thus,  the  solutions  might  best  be  interpreted  as  cor- 
responding to  the  case  of  structures  which  appear  in  three  dimensions 
as  longitudinal  rolls  relative  to  a basic  current.  The  best 


atmospheric  analogy  would  be  the  jet  stream  cirrus  cloud  streaks  de- 
scribed by  Conover  (i960),  which  are  typically  oriented  parallel  to  the 
jet  axis.  Hopefully,  extensions  of  these  model  results  may  be  made  to 
the  full  three  dimensional  case.  Note  that  the  two-dimensional  model- 
ling approach  can  be  adapted  for  a mean  current  in  the  plane  of  interest 
as  in  Lipps  (1971).  However,  this  is  generally  not  convenient  for  the 
purposes  here,  although  some  attempt  to  investigate  the  role  of  verti- 
cal shear  of  a lateral  wind  component  on  cirrus  cloud  formation  is  made. 

In  this  model,  the  plane  of  interest  is  generally  specified  as 
^ 3 km  in  depth.  The  horizontal  dimension  is  generally  specified  as 
either  •v*  6 km  or  'u  12  km  though  periodic  lateral  boundary  conditions 
are  imposed,  as  will  be  seen  in  the  following.  In  this  sense,  the 
horizontal  domain  may  be  viewed  as  infinite  subject  to  the  constraints 
imposed  by  the  lateral  boundary  condition. 

The  dynamics  of  two-dimensional  fluids  are  governed  by  the  princi- 
ple of  conservation  of  momentum  i.e.  Newton's  Laws,  which  may  be  ex- 
pressed by  a reduced  form  of  the  Navier-Stokes  equations  as: 


and 


./  \ a a a t 

d(pu)  _ 3p  + x + xz 
dt  “ ax  ax  az 


d(  pw) 
dt 


a a 

z 

3z 


a x 


zx 


az 


(2.1) 


where  u and  w are  the  velocity  components  in  the  x and  z directions, 
respectively;  p is  the  density;  p is  the  static  pressure;  and  g is  the 
acceleration  due  to  gravity.  The  viscous  stress  components  for  a 


Newtonian  fluid  are  represented  by  the  last  two  terms  in  each  equation 
where : 
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and  y is  the  dynamic  viscosity  of  air.  Note  that 


(2.2) 


A = A + „ 3 * 3 

dt  " 3t  3x  w * 

In  addition  to  the  usual  assumptions , which  are  appropriate  for 
tropospheric  air,  where  the  net  electrical,  magnetic,  etc.  forces  are 
neglected,  the  following  assumptions  have  been  made.  The  flow  is 
limited  to  two  dimensions  where  either  the  velocity  component  into  the 
plane  of  interest  is  regarded  as  zero  or  the  gradients  in  that  direc- 
"k^-on  3-11  quantities  are  similarly  regarded  as  zero.  Furthermore, 
Stokes'  hypothesis  has  been  employed  for  the  stress  terms  along  the 
direction  of  interest,  i.e.  ax  and  o , as  in  Schlichting  (1968).  In 
addition,  terms  due  to  the  curvature  and  rotation  of  the  earth  have 
been  neglected  except  of  course  in  the  usual  definition  of  g where 
effects  due  to  gravitational  forces  and  apparent  centrifugal  forces  are 
included.  This  is  consistent  with  the  application  here,  where  these 
equations  are  to  be  applied  to  a domain  which  has  a relatively  rtoII 
horizontal  dimension  (Holton,  1972).  It  is,  also,  consistent  with  the 
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interpretations,  noted  previously,  where  the  geographic  orientation  of 
the  plane  of  interest  is  determined  by  its  orientation  to  some  basic 
current.  Thus,  Coriolis  effects  may  be  regarded  as  operating  on  the 
basic  current,  though  this  is  not  explicitly  considered  here. 

A second  governing  principle  is  the  conservation  of  mass,  which 
may  be  expressed  for  a two-dimensional  fluid  by  the  continuity  equation 
in  the  form: 


I?  + -k (pu)  +h (pw)  = °-  (2-3) 

Following  from  Kraus  (1972),  for  atmospheric  motions  where  the  vertical 
displacements  are  small  compared  to  the  atmospheric  scale  height  (a.  8 
km  for  the  troposphere),  the  continuity  equation  is  well  approximated 
as : 
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(2.4) 


Thus,  the  atmosphere  is  regarded  as  locally  incompressible  or  anelastic 
and  the  wind  fields  are  consequently  non-divergent . 

In  a consistent  manner,  if  conpressibility  effects  are  neglected 
in  the  viscous  stress  terms,.  Equations  (2.3)  and  (2.4)  allow  Equation 
(2.1)  to  be  expressed  as: 
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where : 
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Again  following  from  Kraus  (1972),  for  relatively  shallow  atmos- 
pheric disturbances,  the  perturbations  of  density  from  the  mean  value 
of  the  layer  under  consideration  may  be  neglected  except  when  coupled 
with  the  gravity  term  in  the  momentum  equations.  This  is  consistent 
with  the  previous  assumption  leading  to  Equation  (2.4)  and  represents 
the  familiar  Bousinesque  approximation,  which  has  been  discussed  in 
great  detail  by  Ogura  and  Phillips  (1962).  This  approximation  has  been 
widely  used  in  studies  of  atmospheric  convection.  Its  validity  rests 
on  the  relative  shallowness  of  the  disturbance  and  the  implicit  assump- 
tion that  wave  motion  with  time  scales  less  than  N ^ are  unimportant  in 
the  solution  where  N is  the  well  known  Brunt -Vais ala  frequency.  Thus, 
waves  moving' faster  than  gravity  waves,  • e.g.  sound-waves,  will  not  be 
present  in  the  solution.. .This  approximation  is  valid  in  the  problem 
here,  though  probably  not  as  valid  as  in  studies  of  the  atmospheric 
boundary  layer. where  it  is  normally  applied.  This  approximation  allows 
the  governing  momentum  equations  to.be  further  simplified  to: 
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where  Pqo  is  the  mean  density  in  the  layer  of  interest  and  p'  is  the 
local  deviation  of  density  from  the  mean  value  at  any  level.  This 
definition  of  p'  involves  a slight  approximation,  which  is  generally 
very  valid  for  atmospheric  layers  (Kraus,  1972).  Note  that  the  stress 
components  have  been  redefined  in  Equation  (2.6)  where: 
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and  v is  the  kinematic  viscosity  of  air,  consistently  defined  as: 


v • (2.8) 
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Thus,  the  spacial  derivatives  of  1/p  have  been  neglected  in  formulating 
these  terms.  Hereafter,  v is  regarded  as  a constant.  Though  v has 
tempe rat ure  and  pressure  dependencies  (Schlichting,  1968),  these  assump- 
tions are  consistent  with  the  previous  approximations.  Also,  when 
applied  in  discrete  space,  the  meaning  of  this  term  is  substantially 
altered  as  will  be  seen  later. 

The  approximate  momentum  equations  may  now  be  combined  to  yield: 
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where  £ is  the  component  of  vorticity  into  the  plane  of  interest  de- 
fined as: 
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and  V is  the  two-dimensional  Laplacian  operator  defined  as: 
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Note  that  the  sign  of  £ as  defined  here  is  opposite  to  that  conven- 
tionally used,  i.e. 


Z - - j o \V  x \V 

A 

where  j is  a unit  vector  into  the  plane  of  interest  and  W and  W are 
the  three  dimensional  divergence  operator  and  wind  velocity  vectors, 
respectively.  This  is  done  purely  for  convenience  and  has  no  effect 
on  the  dynamics. 

Given  the  developments  to  this  point,  it  is  now  appropriate  to 
introduce  the  streamf unction  where: 
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This  allows  the  Equation  (2.9)  to  be  rewritten  as: 
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where  the  Jacobian  operator  is  defined  as: 
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for  any  quantity  A.  The  utility  of  employing  ip  resides  in  the  fact 
that  given  the  integration  in  time  of  the  prognostic  Equation  (2.14), 
the  new  wind  fields  may  be  readily  diagnosed  by  inverting  the  diagnos- 
tic Equation  (2.13)  for  ip  and  employing  Equation  (2.12).  Solutions  of 
Equation  (2.13)>  which  is  of  the  form  of  a Poisson's  equation,  are 
available . 

Now,  following  from  Ball  (1956)  and  consistent  with  the  approxi- 
mations employed  here  for  a shallow  layer,  local  pressure  perturbations 
from  the  horizontal. me an  pressure  may  be  ignored  in  the  equation  of 
state.  The  equation  of  state  for  moist  tropospheric  air  is  well  ap- 
proximated as: 
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(2.16) 


where  R is  the  real  gas  constant  for  dry  tropospheric  air,  T is  the 
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temperature,  q is  the  specific  humidity  of  water  vapor  and  e is  the 
ratio  of  the  molecular  weight  of  water  to  that  of  dry  air.  Note  that, 
except  for  the  water  content,  tile  composition  of  tropospheric  air  is 
assumed  to  be  constant  and  van  der  Waal's  effects  have  been  neglected. 
Thus, 
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where  the  subscript  0 denotes  a horizontally  averaged  quantity  and 


t (1  + q/£) 

+ q } - 


(2.18) 


T 


Noting  that  q « 1,  binomial  expansion  of  Equation  (2.18)  yields  a 
highly  accurate  approximation  for  as: 


Ty  = T + T q . 

Neglecting  the  mean  level  cross  correlation  (q'T1 )q  compared  to  q^T 
allows : 
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which  may  be  further  approximated  as: 
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Thus,  with  some  manipulation. 


which  may  be  further  reduced  as: 
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In  a consistent  manner, 
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and  Pref  is  some  reference  pressure.  Effects  due  to  the  presence  of 
water  vapor  have  been  ignored  in  the  definition  of  potential  tempera- 
ture 0,  i.e.  c and  R^  are  the  specific  heat  and  real  gas  constant  for 
dry  air,  respectively.  Pressure  perturbations  have  been  neglected  in 
the  definition  of  0 (i.e.  tt  - tt  ),  which  is  consistent  with  the  above 
as  in  Ball  (1956).  Thus,  Equations  (2.17),  (2. 20)  and  (2. 21)  may  be 
combined  to  yield: 


-4f-  = B ~ ,-f-  * (i£)  q'  - t (2.24) 

where  consistent  with  the  Bousinesque  approximation,  0QQ  has  replaced 
0 . Note  that  the  contribution  of  non- vapor  phase  water  to  the  buoy- 
ancy parameter  B has  been  incorporated  by  the  additional  term  Z which 
is  the  specific  humidity  of  non-vapor  phase  water,  i.e.  ice  water. 
Subsititution  of  Equation  (2.24)  into  Equation  (2.14)  allows: 

|f  = J U,ifO  + g + v V2  c . (2.25) 
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Integration  of  this  equation  in  time  is  an  initial  value  problem,  where 
boundary  conditions  for  the  various  terms  must  be  specified.  For  this 
study,  the  layer  of  interest  is  regarded  as  at  rest  with  respect  to 
some  predefined  basic  state.  In  this  sense,  £ and  ip  are,  therefore, 
regarded  as  purely  perturbation  quantities  and  are  initially  everywhere 
zero  within  the  domain.  Disturbances  within  the  layer  are  regarded  as 
isolated  from  the  environment  external  to  the  layer.  Thus,  the  appro- 
priate boundary  conditions  at  the  top  (T)  and  base  (B)  of  the  layer  are 
that: 

= 0 (2.26) 

= 0 (2.27) 

■ 0 . (2.28) 
B 

The  first  two  conditions  confine  any  disturbance  which  evolves  to  re- 
main entirely  within  the  region  of  interest.  The  last  condition  states 
that  there  is  no  stress  at  the  boundaries.  In  addition, 

®T  = ®B  = 0 

«T  = qB  ° 0 

and 

= £b  = 0 (2.29) 

will,  also,  be  inposed. 

Noting  the. desired  interpretations  as  stated  in  the  beginning  of 
this  chapter,  periodic  boundary  conditions  are  imposed  in  the  lateral 
direction,  i.e. 
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where  S is  any  quantity  and  xR  and  xR  denote  the  left  and  right  bound- 
aries of  the  domain,  respectively.  Consequently,  no  net  horizontal 
pressure  forces,  including  the  horizontal  stress  forces,  are  allowed  at 

any  level  at  any  time.  Thus,  except  for  the  initial  conditions  on  0 , 
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0%  q'  and  l,  all  the  initial  conditions  and  boundary  conditions  nec- 
essary for  the  solution  of  Equation  (2.25)  have  been  specified. 

One  additional  feature  is  incorporated  into  the  model.  A basic 
state  vertical  motion  is  allowed.  As  a consequence  of  the  previous 
developments,  the  basic  state  vertical  velocity,  w , is  constrained  to 
be  everywhere  a constant.  Furthermore,  wq  must  remain  constant  in  time 
and  must,  therefore,  be  regarded  as  an  initial  condition.  Equation 
(2.25)  is  appropriately  modified  as: 

If  = 4c,*)  - w0H  * g ||  - v V2'?  . (2.31) 

Equation  (2.31)  is  the  governing  dynamic  equation  adopted  for  this 
study.  The  terms  on  the  right-hand  :ide  describe  the  contributions  to 
the  tendency  of  £ due  to  advection  by  the  perturbation  wind  field, 
advection  by  the  basic  state  wind  field,  generation  and  destruction  of 
£ by  buoyancy  forces  and  viscous  dissipation  of  perturbation  kinetic 
energy  via  diffusion  processes. 

The  governing  thermodynamic  principle  is  conservation  of  total 
energy,  i.e.  the  first  law  of  thermodynamics.  An  approximate  statement 
of  this  principle  is: 


'vS  + 5^  - ♦ + «H  + % * ICTv2t  (2-32> 

where  a is  the  specific  volume  and  Cy  is  the  specific  heat  of  air  at 
constant  volume.  The  first  term  on  the  left-hand  side  represents 
changes  in  internal  energy,  i.e.  the  energy  associated  with  purely  ran- 
dom molecular  and  intra  molecular  motions.  The  second  term  represents 
the  work  done  in  expansion  and  compression.  In  addition  to  the  usual 
assumptions,  which  are.  generally  valid  for  tropospheric  air  where  net 
changes  in  electrical,  magnetic,  etc.  energies  are  neglected,  it  has 
also  been  assumed  that  net  work  done  by  bulk  pressure  gradient  forces 
including  dynamic  pressure  forces  and  the  force  of  gravity  are  exactly 
balanced  by  the  corresponding  changes  in  kinetic  energy,  i.e.  the 
energy  associated  with  the  net  non-random  motions  of  large  groups  of 
molecules . Thus,  these  terms  do  not  appear  in  Equation  (2.32).  The 
first  term  on  the  right-hand  side  of  Equation  (2.32)  represents  the 
frictional  heat  source  due  to  the  viscous  dissipation  of  kinetic  energy, 
i.e.  the  energy  transformation  associated  with  the  degradation  of  non- 
random  to  random  molecular  motions.  This  term  will  be  neglected,  here- 
after, because  for  tropospheric  air,  it  is  typically  veiy  much  smaller 
than  the  remaining  terms.  The  next  two  terms  represent  the  heat 
sources  due  to  radiative  processes  and  phase  changes  of  water.  The 
last  term  accounts  for  heat  conduction.  This  term  is  generally  ne- 
glected in  atmospheric  studies.  It  is  retained  here  only  because  when 
the  governing  equation  is  applied  in  discrete  space  a term  of  similar 
form  but  very  different  meaning  occurs. 

If  tropospheric  air  is  assumed  to  behave  as  an  ideal  gas  and, 
thus,  obey  the  kinetic  theory  of  gases,  noting  Equations  (2.22),  (2.23) 


and  (2.16)  with  q assumed  equal  to  zero.  Equation  (2.32)  may  be  re- 


written as : 
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where  FR  is  the  net  upward  radiative  flux,  C is  the  net  rate  of  phase 
change  of  water  and  L is  the  appropriate  specific  latent  heat  of  water 
phase  change,  e.g.  L is  the  specific  heat  of  condensation  when  C is  the 
condensation  rate.  Consistent  with  the  previous  developments,  c^  is 
assumed  equal  to  the  specific  heat  of  dry  air  at  constant  pressure  and 
the  horizontally  averaged  values  of  pQ  and  tto  have  been  employed. 
Similarly,  the  spacial  gradients  of  ir  have  been  neglected  in  formulat- 
ing the  conduction  term. 

In  addition  to  the  neglect  of  the  water  vapor  contribution  to 
both  c and  the  gas  constant  when  deriving  Equation  (2.33),  the  source 
terms  on  the  right-hand  side  are  presumed  to  input  energy  to  only  the 
gaseous  components  of  the  system.  As  pointed  out  by  Betts  ( 1973b), 
Equation  (2.33)  describes  pseudo  moist  adiabatic  processes  in  the  pre- 
sence of  the  noted  diabatic  energy  sources,  where  it  is  explicitly 
assumed  that  changes  in  the  mass  per  unit  volume  of  the  gases  consider- 
ed due  to  phase  changes  of  water  are  negligible  and  that  no  energy 
changes  other  than  that  directly  realisable  via  the  phase  change  pro- 
cesses may  occur  due  to  advection  of  non-vapor  phase  water  into  or  out 
of  a given  volume  of  air. 

Noting  the  derivation  of  the  governing  dynamic  equation,  Equation 
(2.3 3)  may  be  written  in  a similar  form  as: 
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This  equation  may  he  further  modified  as : 
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where  Qq  represents  the  horizontally  averaged  initial  potential  tempera- 
ture at  a level  and  9 represents  the  local  perturbations  from  this  basic 
state  value,  i.e.  previously  denoted  O'*.  This  is  the  governing  thermo- 
dynamic equation  adopted  for  this  model.  Note  that  thermal  conduction 
(diffusion)  is  presumed  to  act  only  on  the  perturbation  quantity  0. 

In  addition  to  the  previously  imposed  lateral  boundary  condition 
and  the  boundary  conditions  on  0 at  the  top  and  base  of  the  layer,  the 
additional  condition  that: 
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is  imposed.  Thus,  no  conduction  (diffusion)  is  allowed  across  either 
boundary.  Thus,  disturbances  are  totally  confined  within  the  layer  of 
interest.  The  manner  of  specifying  the  terms  FD  and  LC  are  deferred  to 
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Sections  (3.11)  and  (3.9),  respectively.  Thus,  it  remains  only  to 
specify  the  initial  conditions  for  0Q  and  0 in  order  that  Equation 
(2.35)  may  be  integrated  in  time.  Generally,  the  perturbation 
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potential  temperature  field  is  employed  to  initiate  a disturbance  as 
developed  in  Section  (3.12). 

Conservation  of  total  water  is  invoked  as  a fourth  governing 
principle.  For  this  model,  the  total  water  budget  equation  is  parti- 
tioned into  two  equations  as: 
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which  describe  the  budgets  of  water  vapor  and  non-vapor  phase  water 
(generally  ice  water),  respectively.  These  budgets  are  expressed  in 
terms  of  the  respective  specific  humidities.  In  a manner  similar  to 
that  employed  in  the  governing  thermodynamic  equation,  qQ  represents 
the  initial  horizontally  averaged  water  vapor  specific  humidity  and  q 
represents  the  local  perturbations  from  this  value  at  a level.  Note 
that  C is  now  specifically  defined  as  the  condensation  or  vapor  to  ice 
sublimation  rate.  Furthermore,  the  .initial  condition  for  non- vapor 
phase  water  is  that  none  exists  within  the  domain  such  that  no  basic 
state  exists  for  £,  i.e.  = 0.  Therefore,  all  non- vapor  phase  water 
which  might  occur  is  regarded  as  a perturbation  of  the  initial  basic 
state . 

Noting  the  desired  application  to  discrete  space,  diffusion  terms 
have  been  included  in  each  of  the  governing  water  budget  equations 
where  the  diffusion  processes  have  been  presumed  to  act  only  on  the 


perturbation  quantities  q and  £.  The  coefficients  k and  ic  are  the 

q £ 

respective  diffusion  coefficients.  These  terms  will  be  considered  in 
more  detail  later. 

In  addition  to  the  lateral  boundary  conditions  and  the  vertical 
boundary  conditions  and  q and  £ noted  previously,  the  further  condi- 
tions that: 


and 


3q 

3z 


= 0 

z=zT  or  Zg 


3£ 

3z 


= 0 

z=zT  or  zB 


(2.39) 


are  imposed.  Thus,  no  diffusion  is  permitted  across  the  horizontal 
boundaries  of  the  domain. 

The  term  v - £ in  Equation  (2.38)  represents  the  flux  of  £ due  to 

the  effects  of  the  gravity  induced  relative  fall  velocity  of  the  parti- 

* 

cles  comprising  £.  The  parameter  V is  the  effective  relative  fall 
velocity.  The  manner  of  specifying  this  term  is  considered  in  Section 
(3.10).  It  should  be  noted  that  the  boundary  condition  on  £ at  the 
base  of  the  layer  of  interest  is  relaxed  when  considering  this  term  as 
developed  in  Section  (3.3).  Thus,  precipitation  will  be  allowed  to 
exit  the  domain  at  the  lower  boundary  by  virtue  of  its  relative  fall 
velocity. 

Thus,  four  prognostic  equations,  (i.e.  (2.3l)>  (2.35),  (2.3V)  and 
(2.38))  have  been  derived,  which  govern  moist  convection  in  a relative- 
ly shallow  atmospheric  layer.  Integration  in  time  of  these  coupled 
equations  requires  the  additional  diagnostic  relationship  given  by 


Equation  (2.13).  Diagnostic  relationships  to  specify  FD,  C and  r*  are 
also  required.  These  terms  are  specified  in  a parametric  fashion  as 
described  in  the  next  chapter.  Note  that  microphysical  growth  equa- 
tions are  not  explicitly  incorporated  into  the  model  as  prognostic 
governing  equations.  The  required  boundary  conditions  for  the  integra- 
tion of  the  set  of  governing  prognostic  equations  over  a finite  domain 
are  given  by  Equations  (2.26),  (2.27),  (2.28),  (2.29),  (2.30),  (2.36) 
and  (2.39).  In  addition,  initial  conditions,  where  0,0  , q , n , 

T7q  and  wq  must  be  specified,  are  required.  The  required  initial  condi- 
tions for  perturbation  quantities  are  specified  as: 


q = 0 ip  = 0 
£ = 0 and.  ,C  = 0 


(2.40) 


everywhere  within  the  domain.  Thus,  disturbances  are  initiated  via  the 
initial  prescription  of  0 where  the  mean  value  of  0 at  any  level  is 
required  to  be  zero. 

It  should  be  noted  that  the  basic  state  quantities  have  only  a 
vertical  dependence,  except  of  course  0qo  and  wq  which  are  constants. 
All  quantities  may  be  reinitialized  at  any  point  during  an  integra- 
tion of  the  model.  This  would  require  the  adjustment  of  the  values 
of  0,  q and  £ to  reflect  changes  in  the  basic  state  pressure  field 
and  the  new  horizontal  mean  basic  state  values  in  order  that  the 
relevant  conservation  principles  are  obeyed.  In  the  case  where  sub- 
stantial trends  in  the  horizontal  means  of  0 and  q occur  during  a 


simulation,  such  a reinitialization  procedure  would  yield  more  accurate 
solutions  given  the  approximations  made  in  this  chapter.  However,  this 
is  generally  not  done.  The  reason  for  this  approach  is  that  the  re- 
sulting increases  in  complexity  and  computational  requirements  out- 
weigh the  gain  in  accuracy,  which  would  generally  he  smal 1 in  the 
simulations  reported  here,  especially  given  the  level  of  approximation 
already  involved  in  the  governing  equations. 

Before  proceeding  to  the  specific  design  of  the  numerical  model, 
a general  consideration  of  the  application  of  the  continuous  governing 
equations  to  a discrete  grid  point  space  must  be  made.  When  applied 
to  a specific  grid  point  which  represents  a corresponding  grid  area, 
all  basic  state  and  perturbation  quantities  in  the  governing  equations 
formally  represent  the  mean  value  of  that  quantity  in  that  grid  area. 
However,  perturbations  about  the  grid  area  mean  value  of  any  quantity 
may  exist  in  that  grid  area.  Mean  cross  correlations  between  any  pair 
of  quantities  within  a grid  area  are,  therefore,  not  formally  taken 
into  account  in  the  governing  equations.  Net  transports,  which  may 

result  from  these  mean  cross-correlations  are  not  resolved  and  are 

< 

normally  referred  to  as  turbulent  pr; messes.  For  example,  if  0 is  the 

mean  value  of  perturbation  potential  temperature  on  the  boundary  be-  ■ 
tween  two  vertically  adjoining  grid  areas  and  w is  the  corresponding 
mean  vertical  velocity,  the  net  flux  of  perturbation  potential  tempera- 
ture across  the  boundary  is  given  by: 

w0  = w 0 + w>0> 


where  the  primed  quantities  represent  the  local  deviation  from  the  mean 


value  on  the  boundary.  As  given,  the  model  accounts  for  only  the 
w 0 term. 

The  manner  of  specifying  the  turbulent  transport  terms  is  normally 
referred  to  as  the  turbulence  closure  assumption.  A non- trivial  clo- 
sure assumption  is  generally  required  when  considering  a grid  resolu- 
tion such  as  will  be  employed  here.  Lilly  (1962)  gives  a good  dis- 
cussion of  first  order  turbulence  closure  assumptions.  The  simplest 
non- trivial  closure  assumption  is  called  k- theory,  where  the  terms: 


and 


in  Equation  (2.3l)> 


in  Equation  (2.35), 


in  Equation  (2.37) 


in  Equation  (2.38) 


which  result  from  an  expansion  of  the  respective  equations,  as  above, 

2 2 

are  parametrically  represented  '_y  th„  diffusion  terms  V V £,  Kq  V 0, 
2 2 

k V q and  K.  V '£,  respectively.  Note  that  contributions  due  to 

Q X/ 

density  perturbations,  which  result  in  additional  two-parameter  and 
three  parameter  mean  cross-correlation  terms  are  neglected  in  a manner 
consistent  with  the  previous  approximations.  In  k- theory,  the  eddy 
diffusion  coefficients  v,  Kg,  k^  and  k^  are  specified  constants.  This 
is  the  approach  adopted  here.  The  reasons  for  this  approach  have  al- 
ready been  alluded  to  in  the  introduction. 


Lilly  (1962)  describes  a more 'complicated  first  order  closure 
scheme  where  the  diffusion  coefficients  are  not  constant  in  space  and 
time.  Thus,  they  appear  inside  the  spacial  derivative  operators 
similar  to  p in  Equation  (2.1).  His  scheme  has  some  physical  basis 
but  relies  on  the  rather  arbitrary  choice  of  some  numerical  constants 
in  the  determination  of  the  local  eddy  diffusion  coefficients.  Though 
such  a scheme  may  be  more  realistic  than  the  rather  simple  assumption 
employed  here,  it  is  unclear  whether  the  improvement  is  significant. 
This  is  particularly  true  when  considering  that  in  a numerical  grid 
point  model,  the  eddy  diffusion  terms  have  the  additional  role  of 
suppressing  numerical  noise  and  the  occurrence  of  non-physical  solu- 
tions and  are  therefore  not  as  physically  significant.  Given  the  un- 
certainty as  to  the  proper  choice  of  coefficients  in  either  scheme, 
especially  when  considering  an  application  to  middle  or  upper  tropo- 
spheric conditions  where  observational  support  for  such  a choice  is 
very  limited,  the  simpler  scheme  was  chosen.  This  scheme  reduces  the 
computational  complexity  and  cost  of  the  model.  Furthermore,  it 
straightforwardly  obeys  the  relevant  conservation  principles.  Though 
it  is  possible  to  derive  conservative  diffusion  schemes  for  more  com- 
plicated first  order  turbulence  closure  assumptions,  this  is  generally 
not  done  due  to  the  added  complexity. 

For  similar  reasons,  second  order  turbulence  closure  assumptions 
(e.g.  Oliver  et  al.,  1978)  are  also  rejected.  For  this  study,  the  eddy 
diffusion  coefficients  are  regarded  as  "tuneable"  model  constants.  The 
role  of  these  terms  and  the  sensitivity  of  simulations  to  the  choice  of 
specific  numerical  values  is  established  in  Chapter  4.  Comparisons 


are  made  with  other  schemes.  It  should  he  noted  that  Asai  and  Nakamura 
(1978)  have  taken  an  approach  similar  to  that  adopted  here  for  their 
study  of  convection  in  the  atmospheric  boundary  layer.  Their  simula- 
tions exhibited  a high  degree  of  realism.  Thus,  it  is  hoped  that  the 
first  order  turbulence  closure  assumption  invoked  here  will  not  ad- 
versely impact  the  realism  of  the  simulations  to  a significant  degree. 

In  Chapter  3,  the  numerical  design  of  the  model  is  presented.  For 
the  reader,  who  is  not  concerned  with  the  specific  details  of  the 
numerical  techniques,  a number  of  sections  may  be  omitted.  Sections 

(3.9),  (3.10)  and  (3.11)  describe  the  theoretical  and  observational 

% 

basis  for  the  diagnosis  of  the  quantities  v , C and  F^,  respectively. 
The  other  sections  are  largely  concerned  with  specific  finite  differ- 
encing schemes  and  may  be  conveniently  omitted,  if  desired. 


III.  DESIGN  OF  THE  NUMERICAL  MODEL 


In  this  chapter,  the  numerical  model  is  described  in  detail.  The 
spacial  grid  and  the  corresponding  notation  conventions  are  given  in 
the  first  section.  In  addition,  the  general  spacially  discrete  form  of 
the  governing  equations  and  the  manner  of  imposing  the  periodic  lateral 
boundary  conditions  in  discrete  space  are  presented  there.  The  verti- 
cal boundary  conditions  are  considered  in  the  following  sections  as 
appropriate.  In  Sections  (3.2),  (3-3)  and  (3-4),  the  specific  finite 
difference  formulations  of  the  terms  accounting  for  advective  processes 
which  are  resolved  by  the  grid,  are  presented.  The  terms  accounting 
for  unresolved  advective  processes,  i.e.  eddy  diffusion  processes,  are 
formulated  in  Section  (3.5).  In  the  next  section,  the  finite  differ- 
ence form  of  the  energy  conversion  term,  i.e.  generation/destruction 
of  vorticity  by  buoyancy  forces,  is  given.  The  time  integration 
schemes,  which  are  enqxLoyed  in  the  model,  are  detailed  in  Section  (3.7) 
The  method  of  solving  Poisson's  equation  for  the  diagnosis  of  stream- 
function  from  the  predicted  vorticity  field  on  a discrete  grid  is  de- 
scribed in  Section  (3.8).  In  the  succeeding  sections,  the  parameteri- 
zations  for  the  diagnosis  of  phase  changes  of  water,  effective  ice 
water  terminal  velocity  and  radiative  heating  rates  are  developed.  The 
initialization  procedure  is  given  in  Section  3.12.  The  overall  com- 
putational procedure  is  also  presented  there  in  schematic  form. 

3.1  General  Considerations 

In  this  section,  the  spacial  grid  along  with  the  corresponding 
notation  conventions  are  presented.  Also,  the  general  form  of  the 


governing  equations  and  the  periodic  boundary  conditions  in  the  lateral 
direction  are  presented  in  a spacially  discrete  form. 

The  spacial  grid,  which  is  adopted  for  the  model,  is  the  "stagger- 
ed" grid.  This  grid  is  staggered  in  that  it  is  actually  a superposition 
of  two  sub-grids  which  are  offset.  This  is  illustrated  in  Figure  4. 

The  streamfunction  and  vorticity  are  defined  at  the  grid  points  labeled 
x,  hereafter  referred  to  as  dynamic  grid  points.  The  potential  tempera- 
ture, water  vapor  specific  humidity  and  ice  water  specific  humidity  are 
defined  at  the  grid  points  labeled  0,  hereafter  referred  to  as  thermo- 
dynamic grid  points . The  spacial  separation  between  dynamic  grid  points 
(or  thermodynamic  grid  points),  which  are  adjacent  in  either  the  x or  z 
directions,  is  a constant,  i.e.  d.  The  thermodynamic  grid  points  are 
offset  by  a distance  d/2  in  both  the  x and  z directions  when  compared 
to  the  dynamic  grid  points. 

The  "staggered"  grid  has  been  commonly  used  in  studies  of  atmos- 
pheric convection,  e.g.  Lilly  (1965),  Lipps  (1971),  and  Asai  and 
Nakamura  (1978).  A primary  advantage  in  using  the  "staggered"  grid, 
when  compared  to  a grid  where  all  of  the  prognostic  variables  are  de- 
fined at  the  same  locations,  is  'hat  :he  winds  are  well  defined  when 
computing  the  advection  of  0,  q or  Z.  This  may  be  seen  by  comparing 
the  advective  schemes  for  £ given  in  Section  3.2  and  0 or  q given  in 
Section  3-3.  Another  significant  advantage  is  that  the  vertical  bound- 
ary conditions  on  0,  q and  Z are  well  defined.  This  is  more  evident 
when  the  specific  advective  schemes  are  presented.  Note  that  the 
boundaries  are  defined  to  coincide  with  dynamic  grid  points.  Thus, 

p 

each  thermodynamic  grid  point  represents  a corresponding  grid  area  d^ 
as  does  each  interior  dynamic  grid  point.  The  bounding  dynamic  grid 
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Figure  4. 


The  grid  configuration  adopted  for  this  study.  The  quanti- 
ties ip  and  4 are  defined  at  the  points  labeled  x and  the 
quantities  0,  q and  £ are  defined  at  the  points  labeled  0. 
The  grid  interval  is  d and  the  coordinate  orientation  and 
grid  point  indexing  are  as  indicated. 


3 


*7 


2 

points  each  represent  a corresponding  grid  area  d /2  (see  Figure  5b) 

2 

except  at  the  comers  where  the  grid  area  is  d /4. 

In  this  paper,  the  notation  convention  is  to  use  whole  integers 
to  index  the  column  and  level  of  dynamic  grid  points,  i.e.  i and  k, 
respectively;  as  depicted  in  Figure  4.  Furthermore, 


and 


xi=l 


0 


Vl  E hB 


(3.1.1) 


where  hg  is  the  height  of  the  lower  boundary.  Thus,  the  (x,  z)  coordi- 
nates of  a dynamic  grid  point  (i,k)  are  given  by: 


and 


xi  = (i-l)  d for  i = 1,  2,  ...,  1-1,  I 

zk  = hfi  + (k-l)  d for  k = 1,  2,  ...,  K-l,  K 


(3.1.2) 


where  I and  K are  defined  as  the"  total  number  of  dynamic  grid  points 
in  the  x and  z directions,  respectively. 

The  thermodynamic  grid  points  are  indexed  as  whole  integers  plus 
%.  Thus, 


and 


x.+,  = (i  - h)  d for  i = 1,  2,  ...,  1-2,  I-l 


Zk+%  = hg  + (k  - h)  d for  k = 1,  2,  ...,  K-2,  K-l  (3.1.3) 


V 


are  the  (x, z)  coordinates  of  a thermodynamic  grid  point  (i+%,  k+%). 

Note  that  there  is  one  less  thermodynamic  grid  level  and  grid  column 
when  compared  to  the  dynamic  grid.  The  specification  of  d,  h0,  I and 
K totally  determines  the  location  of  all  grid  points  and  the  extent  of 
the  domain. 

Observations  indicate  that  major  convective  cells  in  cirriform 
clouds  are  organized  on  a horizontal  space  scale  of  ^ 1 km,  e.g. 
Heymsfield  (1975b)  and  Plank,  et  al.  (1955),  among  others.  Approximate- 
ly 6 to  8 grid  points  are  required  to  adequately  resolve  a wave 
(Phillips,  1956).  Thus,  for  the  simulations  reported  here,  the  grid 
interval  is  usually  specified  as  d = 100  m,  which  should  be  adequate. 

For  a model,  which  is  similar  to  that  reported  here,  Asai  and  Nakamura 
(1978)  found  that  d = 100  m adequately  resolved  convection  in  the  atmos- 
pheric boundary  layer.  Recall  that  the  importance  of  the  sub-grid  scale 
transports  represented  by  the  eddy  diffusion  terms  in  the  governing 
equations  decreases  as  the  grid  interval  is  decreased  and  the  turbulent 
fields  are  better  resolved.  Thus,  the  impact  of  the  rather  simple  first 
order  turbulence  closure  scheme  invoked  here  may  be  reduced  by  decreas- 
ing d.  Tests,  where  d = 50  m,  are  reported  here.  The  domain  is  gener- 
ally specified  as  K = 64  and  I = 128,  i.e.  ( z„  - z,  ) = 3-1  km  and  (xT  - 

a l 1 

x^)  = 12.7  km  for  d = 100  m.  This  should  allow  the  convective  cells  to 
choose  their  own  scale  (Asai  and  Nakamura,  1978).  However,  for  the  pre- 
liminary test  phase  of  the  model  development,  I = 64  is  specified  in 
many  cases  for  primarily  economic  reasons. 

It  is  convenient  to  discuss  the  periodic  lateral  boundary  condi- 
tions at  this  point.  They  will  not  be  explicitly  considered  in  any  of 
the  succeeding  sections.  The  lateral  boundaries  correspond  to  the 
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K-l,  K.  As 


dynamic  grid  points  (l,k)  and  (l,k)  for  k = 1,  2,  . .., 

2 

noted  above,  these  grid  points  represent  grid  areas  d /2.  However,  the 
periodic  boundary  conditions  require : 


(3.1.4) 


for  S = ip  or  Z and  k = 1,  2,  . ..,  K-l,  K.  Thus,  the  two  bounding  grid 

points  at  a given  level  are  effectively  the  same  point  and  represent 

the  combined  corresponding  grid  area  d (except,  of  course,  at  the 

2 

upper  and  lower  boundaries  where  the  combined  grid  area  is  d /2). 

Computationally,  when  a parameter  S.  . , or  S.  . , occurs  in  a 
specific  formulation  and 


if  i+j  > I,  then: 


or  if  i-j  < 1,  then: 


i + j = i - (1-1)  + j 
i - j ="  i 1 1 (1-1)  - j 


(3.1.5) 


for  j = 1,  2,  ...  in  the  case  of  S = ip  or  £ for  j = h,  h,  ...  in  the 
case  of  S = 0,  q orl.  Thus,  03  ■,  and  0T  t 1 represent  the  perturba- 
tion  potential  temperature  of  two  horizontally  adjacent  thermodynamic 
grid  areas. 

The  spacially  discrete  form  of  the  governing  equations  may  be 
written  in  flux  form  using  Equation  (2.4)  as: 
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(3.1.9) 


and 


(3.1.10) 


The  index  subscripts  indicate  operators  in  discrete  space  as  described 
in  the  succeeding  sections.  Note  that  the  discrete  form  of  the 


/ 


Jacobian  operator  for  evaluation  at  dynamic  grid  points  is  different 
than  that  for  thermodynamic  grid  points.  The  prognostic  equations  must 
be  integrated  in  time  as  described  in  Section  3.7.  For  this  integra- 
tion, the  right  hand  side  of  Equation  (3.1.6)  must  be  evaluated  for 
i = 1,  2,  ...,  1-1,  I and  k = 1,  2,  ...,  K-l,  K.  Note  that  the  compu- 
tations at  i = 1 and  i = I are  redundant.  The  diagnostic  equation, 
i.e.  Equation  (3.1.10)  must  be  solved  at  these  same  grid  points.  For 
the  integration  of  the  remaining  prognostic  equations,  the  right  hand 
sides  of  Equations  (3.1.7),  (3.1.8)  and  (3.1.9)  must  be  evaluated  for 
i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2,  ...,  K-2,  K-l. 

3.2  Yorticity  Advection 

The  advection  of  vorticity  by  the  perturbation  component  of  the 
velocity  field  is  evaluated  at  the  dynamic  grid  points  by  means  of  the 
flux  form  of  the  nine-point  finite  difference  approximation  reported  by 
Arakawa  (1966).  This  formulation  is  a linear  combination  of  three 
basic  second  order  schemes  and,  thus,  has  second  order  accuracy. 
Furthermore,  it  has  the  desirable  properties  of  conservation  of  vorti- 
city, squared  vorticity  and  kinetic  energy,  which  is  not  true  of  the 
more  basic  schemes  from  which  it  was  derived  (Arakawa,  1966).  Thus, 
this  approximation  is  computationally  stable  in  these  regards. 

Recall  that  in  this  model,  advection  of  vorticity  by  the  mean  flow 
component  of  the  velocity  field  is  limited  to  advection  by  a basic 
state  vertical  velocity,  i.e.  w , which  is  everywhere  an  externally 
specified  constant.  This  term  is  evaluated  in  a manner  which  main- 
tains the  desirable  properties  of  the  advective  scheme  noted  above. 


• 

The  advection  of  vorticity  at  a dynamic  grid  point  (i,k)  by  the 

total  velocity 

field  is  computed  as: 

DJi,k 

9(wq<;) 

8z  i,k 

12d2  | DFl''' 1 ’ F ^ DF?4 1 ’ ^ + IT  1 1 ~ DF41' 1 

,k) 

+ DF5(1’It)  - B?6(1>k)  * DF7(i’k)  - DF8(1'kj 

(3.2.1) 

where 

- 

pF-jUjk)  E 

^*i,k-l  + *i+l,k-l  " *i,k+l  ” *i+l,k+l^ 

• 

^5i+l,k  + ?i,k^ 

(3.2.2) 

DF2(i,k)  E 

(*i-l,k-l  + *i,k-l  " *i-l,k+l  " *i,k+7 

^i,k  + 5i-l,k^ 

(3.2.3) 

pF^ijk)  E 

(4Tq  + ^i+1^k  + :-i+i,i+i  ~ ^i-i,k  ” *i-l,k+7 

^?i,k+l  + cl,k^ 

(3.2.4) 

DF4(i,k)  E 

Wo  + *1+1, k-1  ” *1+1, k " *i-l,k-l  " *i-l,k^ 

^i,k  + ?i,k-l^ 

(3.2.5) 
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DF5(i,k)  E 

(<Fo  + *i+i,k  “ *i,k+7  ^i+l,k+l  + ?i,k^ 

(3.2.6) 
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), 
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(3.2.8) 


(3.2.9) 


(3.2.10) 


Note  that  if  ¥ = 0,  then  Equation  (3.2.1)  reduces  exactly  to  that 

given  by  Arakawa  ( 1966 ) . 

Each  nF.(i,k)  essentially  represents  the  flux  of  vorticity  between 
the  grid  point  (i,k)  and  one  of  the  surrounding  eight  grid  points, 
directed  as  in  Figure  5a.  In  this  sense.  Equation  (3.2.1)  represents  a 
weighted  average  of  flux  convergences  computed  at  various  orientations. 
The  basic  state  component  is  a weighted  mean  of  the  vertical  flux  con- 
vergence at  the  grid  point  (i,k)  and  the  two  horizontally  adjacent  grid 
points  (i+l,k)  and  (i-l,k).  The  vorticity  exchanges  between  points  are 
mutually  conservative,  i.e. 


DF;L(i,k)  = DF2(i+l,k) 
DF2(i,k)  = jjF1(i-l,k) 
DF3(i,k)  = DF4(i,k+l) 
DF4(i,k)  = DF3(i,k-l) 


DF5(i,k) 


DF6(i.l,k*l) 


(i-l,k+l) 

X 


(i , k+|) 
x 


(i+i,k+!) 

x 


xxx 

(a) 


(1-1,2) 

X 


(i,2)  (i+1,2) 

X X 


(b) 

Figure  5.  Orientation  of  the  flux  components  account- 
ing for  the  mutual  interactions  between 
grid  points  v/hen  evaluating  the  advective 
term  in  the  governing  dynamic  equation  (a) 
at  a general  interior  dynamic  grid  point 
(i,k),  (b)  at  a bounding  dynamic  grid 
point  (i,l).  See  text  for  definitions  and 
discussion. 


DF6(i,k)  = DF5(i-l,k-l) 

DF7(i,k)  = DFg(i-l,k+l) 

DFg(i,k)  = DF?(i+l,k-l).  (3.2.11) 


This  leads  to  the  computational  advantage  of  employing  the  flux  form  in 
that  only  four  of  the  flux  terms  need  be  evaluated  at  each  grid  point, 
e.g.  pF^ijk),  DF8(i,k),  DF5(i,k),  DF7(i,k). 

The  grid  points  on  the  horizontal  boundaries,  i.e.  (i,l)  and  (i,K), 
represent  rectangular  grid  areas  of  vertical  depth  d/2  as  in  Figure  5b 
for  the  grid  point  (i,l).  Following  from  Arakawa  (1966),  the  above 
scheme  is  modified  when  evaluated  at  the  bounding  grid  points  as: 


3(w  . ) 


DJi,l 


i,l 


12d2  |dF1^  1 ^1  ~ DF2^ 1 ^1  + dF3^1,:L^  + DF5^i,:L^  + DF7^1,:L^|  (3.2.12) 


and 


DJi,K  " 3? 


a(wQc) 


i,K 


12d2  |DFl(l)K  DF2(i)K  DF4^1,K^  ” DF6^1,K^  “ DF8^1,K^|  (3.2.13) 


where 


dFi(i)i  - (Vlfl  + ~ ^2  “ ^i+1,2^  ^i+1,1  + Ci,l^»  (3-2.14) 

dF2(i)i  = + x ~ ^i_i,2  " h,2^  ^?i,l  + ?i-l,l^  (3.2.15) 


(3.2.16) 


DFl(i)K  - ^i,K-l  + ^i+l,K-l  ‘ *i,K  ' ^i+l,K)  (?i+l,K  + Ci,K) 


and 


(3.2.17) 


DF2^^K  " ^i-l,K-l  + ^i,K-l  ^i-l,K  “ ^i,K^  ^ i,K  + ?i-l,K^ 


Note  that: 


DF1^ 1 \ df2(i+1  )k 


= DFl(i_l)k  (3-2.18) 

for  k = 1 or  K. 

These  expressions  account  for  the  altered  area  and  geometry  of  the 
boundary  grid  areas  and  preserve  the  desirable  conservation  properties 
noted  previously.  Note  that  the  purely  horizontal  flux  terms  have  been 
modified,  i.e.  conpare  Equations  (3.2.2)  and  (3.2.3)  to  Equations  ' 
(3.2.14)-(3.2.17).  Otherwise  the  flux  terms  accounting  for  exchanges 
with  interior  points  remain  the  same  and  the  terms  representing  inter- 
actions with  points  outside  the  domain  have  been  omitted  in  Equations 
(3.2.12)  and  (3.2.13)  when  compared  to  Equation  (3.2.1).  In  effect,  the 
vertical  boundary  conditions  on  C are  already  incorporated  into  Equa- 
tions (3.2.12)  and  (3.2.13).  The  following  interpretation  of  the  above 
formulations  clarifies  this  point. 

Due  to  the  nature  of  the  grid  employed  here  and  the  desire  for  a 
conservative  advective  scheme,  the  values  of  C.  ..  and  £.  v must  be  re- 

1,1  1,A 

garded  as  representing  the  mean  vorticity  of  the  corresponding  half-grid 


and 


DF2^ 1 ^k 


may  be 


areas  and  not  or  CT,  respectively.  Thus,  £.  , and  £.  v 

D l I,  JL  1 ,I\. 

viewed  as  corresponding  to  the  grid  points  (i,<)  and  (i,K-%),  as  shown 

in  Figure  5b.  Arakawa  (1966)  gives  a modified  version  of  his  scheme 
which  accounts  for  variable  grid  geometry  at  interior  points.  Direct 
application  of  this  scheme  to  the  geometry  of  the  bounding  grid  areas 
and  comparison  to  Equations  (3.2.12)  and  (3.2.13)  yields  the  following 
conclusions . The  geometric  difference  between  (i,l)  and  (i,-|)  and 
(i,K)  and  (i,K-%)  have  been  ignored  in  computing  the  mutual  interaction 
of  boundary  layer  grid  points  and  internal  grid  points  in  order  that 
the  conservation  principles  are  maintained.  The  purely  horizontal 
advection  terms  are  approximate  but  consistent  with  the  desired  con- 
servation properties  and  the  above  approximation  (Arakawa,  1966). 

Noting  that  interpolations  are  unnecessary  for  determining  £ on  the 
boundaries,  the  terms  omitted  may  be  effectively  viewed  as  correspond- 
ing to  the  in^oosition  of  the  boundary  conditions,  = £ = 0.  This 

interpretation  also  holds  for  the  components  due  to  the  basic  state 
vertical  velocity.  Thus,  no  additional  modification  of  the  above 
formulations  is  required  in  order  that  the  vertical  boundary  conditions 
on  perturbation  vorticity  be  obeyed. 

The  perturbation  streamfunction  may  be  regarded  as  representative 
at  discrete  points  and  not  necessarily  representative  of  the  mean  value 
of  the  corresponding  grid  areas.  In  this  sense,  the  vertical  boundary 
conditions  on  ip  may  be  applied  straightforwardly  as: 

0 

(3.2.19) 

0 


* 


i,l 


♦i,K 


for  i = 1,  2,  . . . , 


1-1,  I. 


Thus,  these  terms  my  be  eliminated  from  Equations  (3.2.12)  and 
(3.2.13)  though  it  is  only  conputationally  convenient  to  do  so  for  the 

DF1^1'  DF2^1’  DF1^K  ^ DF2^K  terms^  e'S* 


and 


df;l<  1 >i  = <-  *i,2  - Vi ,z>  (q+i,i  * q.i>  1 3.2.20) 

DFl( 1 >K  ' ("4, K-l  + ^i+l,K-l^  <q+l,K  * ?1,K>  • (3-2.21) 


The  computational  procedure  is  given  by  the  following  steps: 

a)  Confute  j/^i^  and  for  i = 1,  2,  1-1,  I 

as  given  by  Equations  (3.2.20)  and  (3.2.21)  respectively. 

b)  Compute  pF^i^k)  for  i = 1,  2,  . ..,  1-1,  I and  k = 2, 

3,  . ..,  K-2,  K-l  as  given  by  Equation  (3.2.2). 

c)  Compute  DF3(i,k),  DF5(i,k),  DF?(i,k)  for  i = 1,  2,  ..., 
I-lj  I and  k = 1,  2,  . . . , K-2,  K-l  as  given  by  Equations 
(3.2.4),  (3.2.6)  and  (3.2.8),  respectively. 

d)  Utilizing  the  identities  given  in  Equations  (3.2.11)  and 


• 3(w  t, ) 

(3- 2.18),  compute  pJl  ~ ° 

...,  1-1,  I and  k = 1;  k = .2,  3,  . .., 


i,k  for  1 1>  2’ 

K-2,  K-l;  and  k = K 


from  Equations  (3.2.12),  (3.2.1)  and  (3.2.13),  respectively. 


3.3  Advection  of  Potential  Temperature  and  Water  Vapor 

For  the  purposes  here,  let  the  dummy  variable  S represent  either 

the  potential  temperature  or  water  vapor  specific  humidity  such  that  S 

denotes  either  0 or  q and  S + S denotes  either  0+0  or  q + q . 

o o o 

The  advection  of  S + Sq  by  the  perturbation  component  of  the 
velocity  field  is  evaluated  at  thermodynamic  grid  points  by  means  of 


the  flux  form  of  the  finite  difference  approximation  reported  by  Lilly 
(1965).  This  scheme  is  of  second  order  accuracy  and  was  designed  for 
application  to  a staggered  grid  as  here.  It  incorporates  values  at 
five  thermodynamic  grid  points  and  at  four  dynamic  grid  points.  This 
formulation  conserves  (S  + SQ)and(S  + S ) and,  thus,  is  computation- 
ally stable  in  these  regards.  As  in  the  previous  section,  the  advec- 
tion  of  (S  + S ) by  the  basic  state  vertical  velocity  may  be  evaluated 
in  a manner  consistent  with  the  above  scheme.  The  desirable  conserva- 
tion properties  of  the  scheme  are  maintained  in  the  modified  formula- 
tion. 

The  advection  of  (S  + S ) by  the  total  velocity  field  is  computed 
at  a thermodynamic  grid  point  (i+h>k+%)  as: 


TJi+%,k+%  (s  + SQ>  V)  9Z 


3 [w  (S  + S )] 
L o o J 


i+h,k+h 


— {TFl(i+%,k+J5) 


- rpF i+h,k+h) 


+ TF3(i+k,k+h)  - jF/i+^k+Ss) 


(3.3.1) 


where 


^(i+^k+J*)  = 


^i+l,k  " ^i+l,k+l ^ 


^i+is,k+%  + ^i+-|,k+%^  + g 


k+k 


(3-3.2) 


TF2(i+Js,k+?5)  = 


^i,k  ^i,k+l^ 


^i-%>k+%  ^i+^,k+^  + g 


k+h 


(3.3.3) 


TF3(i+h,-k+h)  = 


<*o  + *i-KL,k+l  - *ifk+l> 


and 


TF4(i+%,k+%)  = 


(a  . q \ (S  +S  /) 

i+%,k+^  i+J2,k+%  °k+%  0k+-s 

2 2 


(3.3.4) 


<*o  + ^i+l,k  ^i,k^ 


VO  , q \ ( S +S  ) 

i+^,k+%  i+%,k-%  + °k+%  °k-% 


(3.3.5) 


Each  „F.(i+%,k+%)  essentially  represents  the  flux  of  (S  + S ) he- 
-*■  J o 

tween  the  thermodynamic  grid  point  (i+%,k+^)  and  one  of  the  surrounding 
four  thermodynamic  grid  points,  directed  as  in  Figure  6.  The  computa- 
tional advantage  of  the  flux  form  of  :he  advective  scheme  may  be  seen 
in  that  only  two  fluxes,  e.g.  ^(i+J^k+Js)  and  TF^( i+%,K+%),  need  be 
computed  at  each  thermodynamic  grid  point  since: 

^(i+^k+Jg)  = TF2(i+%k+%) 

TF2(i+%,k+%)  = ^(i-^k+%) 

TF3(i+?2,k+%)  = TF4(i+^,k+|) 


TF4(i^,k+%) 


TF3(i+%,k-%)  . 


(3.3.6) 
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Figure  6.  Orientation  of  the  flux  com- 
ponents accounting  for  the 
mutual  interactions  between 
grid  points  when  evaluating  the 
advective  term  in  the  governing 
equations  for  0,  q and  Z at  a 
general  thermodynamic  grid 
point  (i+h^+h)  • See  text  for 
definitions  and  discussion. 


Due  to  the  geometry  of  the  grid  (see  Figure  4),  the  vertical  bound- 
ary conditions  on  S and  may  be  applied  directly  at  discrete  points 
along  the  dynamic  grid  levels  k = 1 and  k = K.  These  points  do  not 

correspond  to  any  thermodynamic  grid  areas  and,  thus,  S.  , , and  S 

i+Js,k  o^. 

for  k = 1 or  K represent  discrete  point  values  and  not  area  means. 

Thus,  the  boundary  conditions  on  S correspond  to: 


Si+%,k  0 


(3.3.7) 


for  k = 1 or  K. 

The  formulas  for  the  vertical  flux  components  employ  a linear  in- 
terpolation between  vertically  adjacent  thermodynamic  grid  points  to 
determine  midpoint  values.  Since  S and  Sq  are  specified  on  the  bound- 
aries, the  interpolation  for  S and  Sq  at  these  levels  is  unnecessary. 
Thus,  the  cross  boundary  fluxes  are  determined  as: 


and 


= (,o  * ‘ ’i,!1  CHl  * (3-3‘8) 


= (*0  ♦ * »i,K>  * V • °-3-9) 

iv 


Together  with  Equation  (3*3.7),  the  vertical  boundary  condition  on  ip, 
i.e.  Equation  (3.2.19),  allows: 


pF^(i+J2,-|)  - Sq  (3*3.10) 

» 1 

and 

tF  Ji+h,K-h)  = V S . 

T 3 o oK 


/ i 


(3.3.11) 


Recall  that  is  an  externally  specified  parameter.  Similarly,  S 

°1 

and  Sq  are  externally  specified  parameters.  Thus,  the  cross-boundary 
K 

fluxes  may  be  regarded  as  adjustable  model  constants  and  do  not  depend 
on  processes  acting  within  the  layer. 

Note  that  the  formulations  for  the  horizontal  flux  terms  in  the 
bounding  layers  might  be  simplified  to  reflect  the  boundary  conditions 
on  ip.  Computationally,  this  is  not  convenient. 

The  computational  procedure  is  given  by  the  following  steps. 

a)  Compute  ^(i+h^+h)  for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1, 

2,  ...,  K-2,  K-l  from  Equation  (3.3.2). 

b)  Compute  TF^(i +H,h)  and  TF^(  i+h,K-h)  for  i = 1,  2,  ...,  1-2, 
1-1  from  Equations  (3.3.10)  and  (3-3.1l)>  respectively. 

(Note  that  this  step  is  performed  only  once  at  the  initial 
time  step . ) 

c)  Compute  TF^(i+%,k+%)  for  i = 1,  2,  ...,  1-2,  1-1  and  k = 2, 

3,  . ..,  K-3,  K-2  from  Equation  (3.3.4). 

d)  Utilizing  the  identities  given  in  Equation  (3.3.6),  compute 

8[w  (S  + S )] 

TJi+%,k+%  (S  + So>  ^ ° ° . , from  EUuation 

i+%k+h 

(3.3.1)  for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2,  ...,  K-2, 
K-l. 


3.4  Ice  Water  Advection 

The  advection  of  ice  water  specific  humidity  is  evaluated  at 
thermodynamic  grid  points  by  means  of  an  "upstream"  flux  form  finite 
difference  approximation,  which  is  appropriate  to  a staggered  grid. 
This  scheme  is  similar  to  that  described  in  the  last  section  for  0 and 
q,  except  that  the  value  of  Z specified  on  the  grid  area  boundary 


between  two  adjacent  thermodynamic  grid  points  is  not  interpolated  from 
the  values  of  £ at  those  grid  points.  Instead,  the  midpoint  value  of 
£ is  directly  specified  as  equal  to  the  value  of  £ at  the  upstream  grid 
point.  The  direction  of  the  appropriate  component  of  the  total  wind  at 
the  midpoint  between  the  two  grid  points  determines  which  is  the  up- 
stream grid  point,  i.e.  the  wind  is  directed  from  the  upstream  grid 
point  to  the  downstream  grid  point.  Effectively,  ice  water  has  been 
assumed  to  be  uniformly  distributed  within  each  thermodynamic  grid  area. 

As  before,  the  contributions  due  to  both  the  perturbation  velocity 

field  and  the  basic  state  vertical  velocity  are  incorporated  into  the 

scheme.  In  addition,  the  relative,  vertical  fall  velocity  of  ice  water 

particles  is  taken  into  account.  The  upstream  advective  scheme  is  con- 

2 

servative  with  respect  to  £ and  £ and  is  computationally  stable  in 
these  regards.  Subject  to  the  appropriateness  of  the  aforementioned 
assumption,  this  formulation  also  has  second  order  accuracy. 

The  primary  advantage  in  using  the  upstream  scheme  for  computing 
the  advection  of  £,  when  compared  to  the  scheme  described  for  0 or  q, 
is  that  it  eliminates  the  occurrence  of  the  £ < 0 computation  mode  in 
the  solution.  This  mode  arises  .In  t..j  previous  scheme  due  to  trunca- 
tion errors.  These  truncation  errors  may  be  viewed  as  a result  of  the 
incompatibility  of  using  interpolation  and  requiring  that  the  grid 
point  value  of  £ is  representative  of  the  mean  value  of  the  correspond- 
ing grid  area.  For  example,  in  the  ease  of  water  vapor  specific  humid- 
ity, the  effect  of  truncation  errors  on  q will  be  relatively  small  com- 
pared to  q + qQ,  since  in  general,  qQ  » q.  Thus,  the  non-physical 
mode  (q  + q ) < 0 is  unlikely  to  occur.  Diffusive  damping  may  be 
applied  to  q to  effectively  suppress  what  may  be  viewed  as  numerical 


noise  generated  by  truncation  errors  (Chapter  4).  However,  since  l = 
0,  the  occurrence  of  £ < 0 due  to  truncation  error  corresponds  to  a 
non-physical  mode  in  the  solution  in  that  negative  ice  water  does  not 
exist.  In  the  presence  of  the  diabatic  processes,  the  initial  ampli- 
tude of  the  £ < 0 computational  mode  may  be  relatively  large.  Reason- 
able diffusive  damping  can  reduce  the  amplitude  but  will  not  eliminate 
this  mode  from  the  domain.  The  occurrence  of  the  £ < 0 mode  presents 
a substantial  problem  in  that  if  total  water  is  to  be  conserved,  these 
values  may  not  be  simply  ignored.  However,  such  values  would  have  a 
substantial  adverse  impact  on  the  evaluation  of  the  buoyant  generation 
of  vorticity.  The  use  of  the  "upstream"  formulation  eliminates  these 
problems  and  this  advantage  is  felt  to  far  outweigh  the  disadvantages 
noted  below. 

The  primary  disadvantage  of  using  the  upstream  flux  scheme,  when 
compared  to  the  previous  scheme,  is  that  it  is  more  complex  and  sub- 
stantially less  efficient  conputationally . Furthermore,  the  assumed 
spacial  distribution  of  £ is  likely  to  be  a much  poorer  representation 
of  the  continuous  case  when  compared  to  the  linear  variation  over  dis- 
tances of  0(d)  assumed  for  the  r re  vie  :s  scheme.  It  is  for  this  last 
reason,  that  the  upstream  flux  scheme  is  not  used  for  0 or  q,  since 
it  would  not  be  any  more  inefficient  computationally  than  the  previous 
scheme  once  the  wind  directions  are  determined. 

The  advection  of  £ by  the  total  velocity  field,  where  the  rela- 
tive vertical  velocity  of  suspended  ice  water  particles  is  taken  into 
account,  is  evaluated  at  a thermodynamic  grid  point  (i+%,k+%)  as: 


- LF2(i +%,&+%) 


i+h,k+% 


+ LF^(i+%,k+%) 


LF^(  i+h,k+% 


(3.4.1) 


where  the  horizontal  flux  terms  are  determined  as  follows: 


If  (*i+i,k  ' ♦l-u.k+i*  5 °>  then: 


■ <*1+1,k  - Wi> 


otherwise: 


LF1(i+'2,k+'s)  ^i+i,k  “ h+l,k+l^  h+%,k+%  * 


(3.4.2) 


If  (h,k  ■ ^i,k+i)  5 °* then: 

LF2(i*ls,k+>s)  = (*i(k  - *1Js>k^  - 


otherwise: 


LF2(i+!i,k*Js)  = (h,k  - h,k.l) 


(3.4.3) 


The  evaluation  of  the  vertical  flux  components  is  further  complicated 
by  the  presence  of  the  effective  relative  fall  velocity  term  y*.  It 
is  convenient  to  let: 


. f 


and 


^(i+^k+Jg) 


LF3+(i+%,k+%)  + LF3_(i+%,k+%) 


LF4(i+^k+%) 


LF4+(i+%,k+%)  + LF4_(i+%,k+%) 


(3.4.4) 


where  the  plus  and  minus  subscripts  denote  the  potential  components  of 
the  flux  across  a grid  area  boundary  due  to  the  interaction  of  the  per- 
turbation and  basic  state  vertical  velocities  with  the  relative  fall 
velocity  of  suspended  particles  in  the  region  just  above  (+)  and  just 
below  (-)  the  boundary.  Thus,  it  is  possible  for  two  vertically  adja- 
cent grid  areas  to, actually  exchange  some  ice  water,  i.e.  some  falls 
from  the  upper  to  the  lower  grid  area  and  some  is  advected  from  the 
lower  to  the  upper  grid  area.  These  components  are  determined  as 
follows : 


If  (To  + ^i+1^k+1  ^ijk+1  + Y i+J^k+S;)  < °»  then: 


lf3 +(i+jhk+%)  (tq  + ^i+ljk+1  - ^i>k+1  + v i+j2,k+^  V^k+v  y 


otherwise: 


LF3+(i+Jhk+*2)  = 0. 


If  <*o  + h+l,k+l  ^i,k+l  + * i+%,k+!p  * °'  then: 


(3.4.5) 


J 

\ 


LF3_(1+%,k+J5)  (Tq  + ^i+1^k+1  + Y i+^jk+^)  £i+%,k+J5 

otherwise: 


LF3_(i+%,k+%)  = 0. 


(3.4.6) 


) < 0,  then: 


If  <*o  + *i+k,k  ~ V + * 


\ 


L^Ji+^k+h;)  (fQ  + ^i+ljk  ^k  + V l±+l'2)k+l'2  ’ 1 


othervd.se: 


LFA+(i+h,k+h)  = o. 


(3.4.7) 


If  (*0  + ^i+i,k  - h,* + * i+%,k-%)  > °> then: 

= (»o  * *1+1<k  - *lik  * »*14Jl)kJs)  *1+MJ5 , 

othervdse: 


LF^_(i+%,k+%)  = 0. 


(3.4.8) 


Now, 


V. 


* . 

y . d 


(3.4.9) 


where  j and  m are  dumny  thermodynamic  grid  indices  in  the  x and  z 

■jf 

directions,  respectively  and  y..  is  the  effective  relative  fall 

J f ™ 

velocity  of  the  suspended  ice  wa^er  particles  in  a thermodynamic  grid 
area  (j,m)  and  is  determined  parametrically  as  developed  in  Section 
3.10.  Note  that  Y.  m is  always  less  than  or  equal  to  zero. 

Due  to  the  presence  of  conditional  terms,  the  evaluation  of  the 
advection  of  £ is  not  efficient  computationally.  However,  this  is 
mitigated  somewhat  by  the  identities: 


LF^(  l+h,k+h) 

= LF2(i+^,k+J2) 

LF2(i+%,k+%) 

= jF^il-hfk+h) 

LF^(i+ls,k+%) 

= LF4(i+%,k+|) 

LF4(i+Js,k+%) 

= LF4(i+^,k-%) 

(3.4.10) 

jFj+ii+ktk+h) 

= LF4+(i+%,k4) 

LF3_(i+l2,k+Js) 

= LF4_(i+%,k+%) 

LF4+(i+^,k+^) 

« LF3+(i+%,k-%) 

LF4_(i+?2,k+J2) 

= jF^Ji+hfk-h)  . 

(3.4.11) 

Thus,  only  two  fluxes  need  be  conputed  at  each  grid  point,  e.g. 
LF1(i+Jg,k+%)  and  LF^(i+^,k+%). 

The  boundary  conditions  on  l are  imposed  in  discrete  space  in 
roughly  the  same  manner  as  described  for  0 and  q in  the  last  section. 
Strict  enforcement  of  the  boundary  conditions  require: 


0 


l 


i+%,K 


0 


(3.4.12) 


In  this  sense,  the  assumption  of  uniform  distribution  of  l within  grid 
areas  has  been  relaxed  in  the  neighborhood  of  the  upper  and  lower 
boundaries.  Consequently,  the  upstream  approach  is  not  employed  for 


computing  the  vertical  fluxes  at  the  k = 1 or  k = K levels.  Rather, 
the  cross  boundary  fluxes  may  be  directly  specified  as: 


jF  jXi-+k,h)  = 0 


(3.4.13a) 


and 


LF3(i+%,K-Js)  E 0 


(3.4.13b) 


However,  the  above  conditions  may  lead  to  a build  up  of  £ in  the 
lower  bounding  layer.  It  is  physically  realistic  to  allow  precipitation 
to  exit  the  domain  at  the  lower  boundary  by  virtue  of  its  relative  fall 
velocity.  This  may  be  accomplished  by  effectively  relaxing  the  lower 
boundary  condition  on  £.  In  the  interests  of  clarity,  let: 


F.(i  +%,%) 


L 4 


= P(i+%)  = 


LF4+(i+M) 


(3.4.14) 


where  P(i+%)  is  the  precipitation  rate  at  (l+k, l).  In  this  sense,  an 
additional  term  has  been  added  to  the  governing  equation  for  the  lowest 
bounding  layer,  which  accounts  for  precipitation  falling  out  of  that 
layer.  Note  that  the  total  water  may  not  be  conserved  within  the 
domain  by  virtue  of  this  term. 

Recalling  Equation  (3-2.19),  the  cross  boundary  flux  at  the  lower 
boundary  is  determined  as  follows. 

If  (Y  + ¥*  3)  < 0,  then  1 

° 1 'll  ^ I 


P(i+%) 


+ ¥ 


1+k 


> 


otherwise 

P(i+Js) 


0 . 


(3.4.15) 


No  advection  of  ice  water  into  the  domain  is  allowed  at  either  boundary 
and  no  advection  of  ice  water  out  of  the  domain  is  allowed  at  the  upper 
boundary . 

The  computational  procedure  is  given  by  the  following  steps. 

■ft 

a)  Diagnose  ^ for  i = 1,  2,  1-2,  1-1  and  k = 1, 

2,  . ..,  K-2,  K-l  as  in  Section  3.10. 

b)  Compute  P(i+%)  for  i =1,  2,  ...,  1-2,  1-1  from  Equation 
(3.4.15). 

c)  Compute  LF^+(i+%,k+%)  and  LF^_(i+%,k+%)  from  Equations 
(3.4.5)  and  (3.4.6),  respectively,  for  i = 1,  2,  ...,  1-2, 

1-1  and  k = 1,  2,  ...,  K-3,  K-2. 

d)  Compute  jF^(i+is,k+%)  from  Equation  (3.4.2)  for  i = 1,  2, 

...,  1-2,  1-1  and  k = 1,  2,  ...,  K-2,  K-l. 

3)  Noting  Equation  (3.4.13b)  and  utilizing  the  identities 

given  in  Equations  (3-4.14),  (3.4.4),  (3-4.10)  and  (3.4.11), 
compute  the  net  advective  convergence  of  Z at  the  grid 
point  (i+%,k+%)  by  means  of  Equation  (3-4.1)  for  i = 1,  2, 

. ..,  1-2,  1-1  and  k =1,  2,  ...,  K-2,  K-l. 

3-5  Sub-grid  Scale  Diffusion 

In  each  of  the  discrete,  prognostic,  governing  equations  a diffu- 
sion term  appears  in  the  form  of  a constant  times  the  Laplacian  opera- 
tor applied  to  the  relevant  field.  These  diffusion  terms  serve  two 
purposes.  They  account  for  the  physical  effects  of  turbulent  transport 
processes  occurring  at  space  scales  not  resolved  by  the  grid.  They, 
also,  serve  a purely  conputational  role  in  suppressing  numerical  noise 
and  unwanted  non-physical  computational  modes  in  the  solution.  In  this 


sense,  the  model  constants  v,  kq,  tc  and  are  "tuneable".  The  manner 
of  choosing  the  appropriate  values  for  these  eddy  diffusion  coeffi- 
cients will  be  considered  in  Chapter  4.  . The  formulation  of  the  dis- 

2 

crete  form  of  the  Laplacian  operator,  i.e.  V , is  considered 
here . 

The  finite  difference  approximation  to  the  Laplacian  operator, 
which  is  used  in  this  model,  is: 


V? 


S = 


7\ 


S.Al  + 
j+l,m 


S.  1 + 


3 . A + S . 
j,m+l  j ,m-l 


- 4 sj, 


m 


} (3.5.1) 


where  S is  any  one  of  the  prognostic  variables,  (i.e.  4,  9,  q,  or  4) 
and  j and  m are  dumny  grid  indices  in  the  x and  z directions,  respec- 
tively. Thus,  if  S = j = i and  m = k and  Equation  (3.5.1)  is  appli- 
cable for  i = 1,  2,  ...,  1-1,  I and  k = 3,  4,  ...,  K-3,  K-2.  If  S = 

0,  q or  Z;  j = i+%  and  m = k+h  and  Equation  (3.5.1)  is  applicable  for 

i = 2,  ...,  1-2,  1-1  and  k = 2,  3,  ••.,  K-3,  K-2.  This  formulation 

is  fairly  standard. 

The  boundary  conditions  are  enforced  numerically  by  simply  allow- 
ing no  exchange  of  S between  int.:-ricr  grid  points  and  the  boundaries, 

1. e.  for  the  first  row  of  interior  grid  points: 


Vj,mS  {°j+l,m  + Sj-l,m  + ^Mp^m+l  + 6MB,m-l  " 3 Sj,ml 


where 


- 

M ,m 


0,  M' 


m 


Sj,m’  M'  + 


} 


K 


1 for  S = £, 


Mp 


and 


“b 


and 


Mp  = K-h  and  Mg  = \ for  S = 0,  q or  l 


Thus,  Equation  (3.5.2)  is  applied  at  the  k = 2 and  k = K-l  levels  for 
S = £ and  i = 1,  2,  1-1,  I and  at  the  k = 1 and  k = K-l  levels 

for  S = 0,  q. or  l and  i = 1,  2,  1-2,  1-1  where  i and  k are  re- 

lated to  j and  m as  noted  above. 

Effectively,  Equation  (3.5.2)  incorporates  the  fact  that  the 
vertical  derivative  of  S is  known  on  the  boundary  and,  thus,  no  finite 
difference  confutation  of  3S/9z  is  necessary  at  those  points.  It 
should  be  noted  that  when  applied  to  £,  Equation  (3.5.2)  explicitly 
assumes  no  stress  at  the  interface  of  a bounding  half  layer  and  the 
adjacent  interior  layer.  This  was  found  to  be  computationally  con- 
venient. Since  the  diffusion  terms  have  the  additional  role  of 
suppressing  numerical  noise  in  the  model,  a horizontal  diffusion  term 
was  added  for  the  bounding  layers  as: 


-V2  c 

i,k 


.2  (?i+l,k  + ?i-l,k  2 Ci,k^ 


(3.5.3) 


for  k = 1 or  K.  Equations  (3.5.1),  (3.5.2)  and  (3-5.3)  are  conserva- 
tive in  S. 


3.6  Vorticity  Generation/Destruction  by  Buoyancy  Forces 
The  buoyancy  parameter  B may  be  evaluated  at  a thermodynamic  grid 
point  as: 


0 • / -i  \ 

+ (1-e) 

0 e 

oo 


q.  „ - l . , 


B. 

J >m 


£ 


(3-6.1) 


where  j and  m are  dummy  grid  indices  in  the  x and  z directions,  re- 
spectively. The  finite  difference  approximation  to  the  buoyant  genera- 
tion of  vorticity  term  evaluated  at  the  dynamic  grid  point  (i,k)  is 
given  by: 


_ 3B 
g 37 


. . = §•  [ff11  (B. 

i,k  d L ' 


i+}2,k+%  ^i-%,k+lp 


* (3-6-2) 


where  ff11  is  a time  dependent  weighting  factor,  n indicates  the  time 
step,  and 


ff11  = l-ff®”1..  (3.6.3) 

The  initial  value  of  the  "flip-flop"  weighting  factor,  i.e.  ff^, 
is  an  externally  specified  model  constant.  A value  of  ff ^ = % gives 
the  generation  of  vorticity  at  the  k level  as  the  linear  average  of 
the  generation  at  the  k+h  and  k-h  levels  and  is  the  most  physically 
realistic  value.  However,  this  •••ray  J.ead  to  the  indefinite  maintenance 
of  "checkerboard"  noise  patterns  in  B,  which  may  occur,  Schubert  (1980, 
personal  communication).  For  the  simulations  reported  here,  ff*"*  = % is 
specified  and,  thus,  ff11  = f-  at  all  odd  time  steps  and  ff11  = V at  all 
even  time  steps.  In  this  way,  "checkerboard"  noise  patterns  are  in- 
hibited from  perpetrating  themselves.  The  effects  of  choosing 
a specific  value  of  ff°  are  considered  in  Section  4.1. 


Recalling  the  discrete  form  of  the  boundary  conditions  for  0,  q 
and  % as  developed  in  the  last  two  sections,  strict  enforcement  of  the 
boundary  conditions  requires  that: 


B.xl  - = 0 

i+h,l 


and 


B . j „ - 0 . 

i+%,K 


(3-6.4) 


Noting  the  interpretation  of  £.  , and  £.  , is  given  in  Section  (3.2), 

x,  J.  1 ,K 

the  proper  formulation  of  the  generation  term  for  the  bounding  layers 
is: 


9B 
g 37 


i,l  ■ I - h-H.h'1  ! (3-6-5> 


and 


9B 
g 9x 


i,K 


d l^1  (Bi+%,K-h  " Bi-%,K • 


(3.6.6) 


The  computational  procedure  is  given  by  the  following  steps, 
a)  Compute  k+, ^ for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2, 

...,  K-2,  K-l  from  Equation  (3-6.1). 


b) 


Evaluate  g 


9B 


9x 

k = 2,  3,  ..., 


. , for  i = 1,  2,  ...,  1-1,  I and  k = 1; 

1,K 

K-2,  K-l;  and  k = K from  Equations  (3.6.5), 


(3-6.2)  and  (3.6.6),  respectively. 


3.7  Time  Integration 


Two  distinct  time  integration  schemes  are  utilized  in  this  model. 
Following  the  general  description  of  both  schemes,  the  specific  time 
integration  procedure,  which  is  employed,  is  presented.  The  rationale 
for  this  procedure  is  also  addressed. 

The  governing  prognostic  equations  are  each  of  the  form  of  a first 
order  differential  equation  in  tine,  i.e. 


3S  -x- 

= f (S,  rv  r2,  ...,  rm)  (3.7.1) 

% 

where  S is  the  dependent  variable  and  f is  a known  function  of  S and 
m independent  variables  r^,  r2,  ...,  r . A method  of  numerically  in- 
tegrating equations  of  this  form  in  discrete  time  is  desired.  Let: 


tn+1  = At  + -tn  = n At  + t°  (3.7.2) 

for  n = 1,  2,  3,  

where  n is  the  time  step  index  and  At  is  the  integration  time  step  in- 
terval and  is  an  externally  specified  model  constant.  The  problem  is 
an  initial  value  problem  in  that  a prediction  of  S at  some  discrete 

time  tn+1  is  desired  where  S,  r., , r„,  ...,  r and,  thus,  f*  are  known 

12  m 

at  the  previous  time  tn. 

If  Sn_1  is  also  regarded  as  known,  a convenient  finite  difference 
approximation  to  Equation  (3.7.1)  is: 


.n+1 


- S 


n-1 


= f 


*n 


as 

3t 


n 


2 At 


which  may  be  imnipulated  to: 


Sn+1  = 2 At  f*n  + Sn_1  . (3.7.3) 

This  is  the  "leap  frog"  scheme,  which  is  commonly  used  in  meteorologi- 
cal and  hydrodynamic  models.  Note  that  the  time  derivative  has  been 
approximated  in  a centered  fashion  over  two  time  steps.  This  scheme 
allows  the  prediction  of  Sn+^  from  the  known  values  of  Sn-^  and  f*n, 
i.e.  Sn,  r^,  r^,  ...,  rj\  The  leap  frog  scheme  is  of  better  than  first 
order  accuracy. 

A second  time  integration  scheme  results  from  the  finite  differ- 
ence approximation: 


8S 

8t 


n 


s"*1  - sn 

At 


f 


*n 


which  may  be  manipulated  to: 

Sn+1  = At ' f*n  + Sn  . 


(3.7.4) 


This  is  the  Euler  forward  scheme  where  the  time  derivative  is  approxi- 
mated over  one  time  step  interval.  Essentially,  the  tendency  at  time 
step  n is  used  to  extrapolate  from  time  step  n to  time  step  n+1.  It 

xx+l  n *n 

allows  the  prediction  of  S from  the  known  values  of  S and  f , i.e. 
s“,  p?,  r^,  ...,  r^.  This  scheme  is  of  first  order  accuracy. 

Centered  time  differencing  schemes,  such  as  the  leap  frog  scheme, 
may  show  time  splitting  in  the  solution.  This  arises  due  to  the 


presence  of  terms  within  f , which  may  he  highly  non-linear  in  time, 
e.g.  advection  terms.  Lilly  (1965)  notes  that  this  may  lead  to  a 
weak  numerical  instability  where  the  solution  at  odd  time  steps  and  the 
solution  at  even  time  steps  may  vary  smoothly  when  viewed  separately 
but  may  diverge  from  each  other.  This  oscillation  of  the  solution  at 
high  frequency,  i.e.  'u  2 At,  corresponds  to  a non-physical  computational 
mode.  It  is  desirable  to  damp  this  mode. 

A number  of  methods  have  been  developed  to  eliminate  the  time 
splitting  computational  mode  in  the  leap  frog  scheme.  Here,  a time 
filter  is  employed  at  all  steps  as  in  Asselin  (1972).  Computationally, 
this  routine  is  fast  though  it  does  increase  the  storage  requirements 
for  time  dependent  variables.  Asselin  (1972)  found  this  filter  to  be 
an  excellent  damper  for  the  computational  time  splitting  mode  arising 
in  the  leap  frog  time  integration  scheme.  The  time  filter  is  applied 
as: 


Sn_1 


sn_1 


+ 


£(sn-2 


2 Sn_1  + Sn) 


(3.7.5) 


where  the  over  bar  denotes  a filtered  quantity  and  q is  an  externally 
specified  filter  parameter  limited  to  positive  values  less  than  1.  The 
leap  frog  scheme  is  correspondingly  modified  as: 


Sn+1  = 2( At ) f*11  + Sn  1 (3.7.6) 

n 

where  the  value  of  S employed  in  evaluating  i 1 is  not  filtered  in 
time  except  that  it  is  based  on  an  integration  from  a previously 


filtered  value,  i.e.  Sn  For  this  study,  q = 0.25  is  specified, 
see  (Section  4.1).  This  value  adequately  damps  the  computational 
mode  in  test  simulations  and  minimizes  phase  errors  due  to  the  filter 
(Asselin,  1972). 

Another  modification  which  must  he  made  in  order  to  insure  compu- 

* 

tational  stability,  is  to  evaluate  the  diffusion  term  in  f at  the  "lag" 
time  step,  (Phillips,  1956).  Let: 

E f*11  - Kg  V2  s11.  (3.7.7) 

where  Kg  is  the  appropriate  eddy  diffusion  (viscosity)  coefficient  and 
f11  corresponds  to  the  appropriate  advective  and  diabatic  (buoyant 
generation)  terms  evaluated  at  tn.  The  lag  step  procedure  is  incor- 
porated into  the  filtered  leap  frog  (Equation  3.7.6)  and  Euler  forward 
(Equation  3.7.4)  schemes  as: 

Sn+1  = 2 At  (f11  + ks  V2  Sn_1)  + Sn_1  (3.7.8) 

and 

gn+1  = At  (fH  + Kg  v2  Sn_1)  + Sn  , (3.7.9) 


respectively. 

In  general,  the  filtered  leap  frog  time  integration  scheme  (Equa- 
tion 3.7.8)  is  utilized  in  this  model.  Its  conputational  stability 
and  accuracy  are  superior  to  the  Euler  forward  scheme  as  formulated 
here.  However,  in  certain  instances  the  leap  frog  scheme  will  yield 
unrealistic  results.  In  these  cases,  the  Euler  forward  scheme  is 
used.  These  cases  will  be  detailed  later  in  this  section. 

The  time  step  interval  At  must  satisfy  the  Courant-Friedricks-Lewy 
condition  for  conputational  stability  of  a two  dimensional  flow,  i.e. 


At 
d 

(3.7.10) 

At 
d 

whichever  is  greater,  where  V is  the  maximum  wind  speed  and  C is 

max  ^ max 

the  maximum  wave  speed  within  the  domain,  e.g.  Phillips,  (1956)  and 
Haltiner  ( 1971 ) . 

For  cirriform  clouds,  observations  indicate  that  v $ 0.8  m s_1 

max 

even  in  highly  unstable  convective  conditions  (Heymsfield,  1975b). 
However,  the  contribution  of  the  relative  terminal  velocity  of  ice 
particles  to  an  effective  velocity  must  also  be  considered.  In  Section 
(3-10),  the  parameterization  of  the  effective  relative  terminal  velo- 
city of  ice  water  u*  is  presented.  The  maximum  value  of  v * is  the 
relevant  parameter  for  the  consideration  here  and  is  ^ 1.6  m s"1. 

Thus,  At  = 30s  will  satisfy  the  above  computational  stability  require- 
ment in  the  case  of  d = 100  m for  the  most  extreme  conditions  anti- 
cipated, i.e.  a maximum  relative  effective  terminal  velocity  super- 
imposed on  a maximum  expected  downdraft  air  velocity.  Note  that  when 
d = 50  m.  At  = 153  would  be  required. 

Recall  that  sound  waves  have  been  filtered  from  the  governing 
equations.  Thus,  the  wave  speed  requirement  is  here  limited  to  inter- 
nal gravity  waves,  which  may  occur  in  stable  environments.  Following 
from  Haltiner  (1971),  the  phase  speed  of  a horizontally  propagating 
internal  gravity  wave  in  the  basic  state  environment  is: 


where  and  are  the  horizontal  and  vertical  wavelengths  of  the 
disturbance  and  the  last  term  is  the  environmental  Brunt- Vaisalla 
frequency  N.  Based  on  the  observational  study  of  Starr  and  Cox  ( 1980), 
layers  more  stable  than  ( 30/9z)  = 15°K  km-1  are  extremely  rarely  ob- 
served in  the  middle  to  upper  troposphere.  The  corresponding  lapse  rate 
is  -10°K  km  \ i.e.  a very  strong  tenperature  inversion.  Such  very 
stable  layers  in  the  middle  to  upper  troposphere  would  be  of  limited 
vertical  extent,  i.e.  < 1 km  (Starr  and  Cox,  1980).  Choosing  a typical 
value  of  0 = 310°K  leads  to  N = 0.02  s~\  in  the  case  of  (80  /3z) 

15 °K  km  ■*".  Noting  that  C increases  as  the  scale  of  a disturbance  in 

such  a stable  layer  increases,  an  extreme  case  would  be  L = L =1  km. 

X z 

(Note  that  symmetric  disturbances  tend  to  have  the  fastest  wave  speeds.) 

Thus,  in  a very  extreme  case,  C ^ 1.7  m s-1.  This  value  is  less 

max 

than  the  value  of  v ■ estimated  above.  Thus,  the  above  values  of  At 
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should  insure  computational  stability  even  in  a very  extreme  case  and 
are,  therefore,  adopted  for  this  study. 

In  practice,  it  is  highly  economical  to  avoid  evaluating  the  diaba- 
tic  terms  in  f at  every  time  step  due  to  their  conplexity  as  seen  in 
Sections  (3.9)  and  (3.11).  However,  the  number  of  time  steps  between 
times  at  which  the  radiative  (QR)  and  water  phase  change  C terms  are 
diagnosed  should  not  be  so  large  that  excess  numerical  noise  is  generat- 
ed or  that  the  physics  of  a simulation  become  unrealistic.  Let  ND  and 
Nq  be  the  number  of  time  steps  between  evaluations  of  QR  and  C,  respec- 
tively. It  is  reasonable  to  require  N^  $ N^,  since  the  distribution  of 
Z is  the  primary  modulator  of  QR  (Section  3.11).  In  this  study,  N^  = N^ 
is  employed.  The  proper  choice  of  N^  is  deferred  until  Sections  3*9  and 
4.5.  A somewhat  different  approach  is  adopted  for  the  QR  and  C terms. 


The  diagnosed  radiative  heating  rate  at  the  n = jNR  time  step, 
where  j = 1,  2,  is  applied  at  all  intervening  time  steps  until 
the  next  diagnosis  at  n = (j+l)NR,  i.e. 


QRn  = QR 


JN. 


R 


(3.7.11) 


for  n = jNR,  jNr  + 1,  . ..,  j'Nr  + (NR  - 1)  is  assumed.  This  reduces 
the  shock  to  the  system  compared  to  the  method  of  incorporating  the 
water  phase  change  term  described  below.  The  filtered  leap  frog  scheme 
is  an  effective  filter  of  high  frequency  numerical  noise  which  may 
occur  due  to  the  highly  non-linear  step  function  nature  of  QRn. 

Phase  changes  of  water  are  diagnosed  by  an  adjustment  process, 

JN 

i.e.  Section  (3.9).  As  such,  the  term  computed  is  N_(At)  C , where 
JNC  C 

C is  the  mean  water  phase  change  rate  over  the  time  period  n .=  ■ 

(j-l)Nc  to  n = jNq.  Thus,  formally  this  term  is  not  included  in  the 

time  integration  schemes  developed  above  but  is  rather  an  adjustirent 

of  the  0,  q and  Z fields  at  n = jN^  accounting  for  water  phase  changes 

over  the  previous  time  steps.  The  adjustment  is  made  subsequent  to 

the  prediction  of  0,  q and  Z at  the  n = jNp  time  step. 

The  use  of  an  adjustment  procedure  for  the  diagnosis  of  the  phase 
change  terms  leads  to  problems  when  evaluating  the  diffusion  terms  at 
the  lag  step  for  the  prediction  of  the  fields  at  the  jNp  + 1 time  step. 
This  may  be  seen  in  that  errors  due  to  not  diagnosing  C at  every  time 
step  have  been  allowed  to  build  up  from  n = (j-l)N„  + 1 to  n = jN^  - 1. 
The  change  in  the  perturbation  fields  of  0,  q and  Z may  be  significant 
from  n = jN^  - 1 to  n = jN^  once  the  phase  change  adjustment  has  been 


made.  In  this  sense,  the  lag  step  diffusion  terms  evaluated  at  n = 
jNg  - 1 for  the  prediction  to  the  n = jN^  + 1 time  step  may  he  very 
unrealistic  when  considering  the  actual  current  distribution  of  the 
perturbation  fields.  For  example,  the  diffusion  processes  may  attenpt 
to  reduce  the  amplitude  of  a peak  perturbation  value  when  in  actuality 
this  peak  value  has  already  been  largely  eliminated  in  the  adjustment 
process . 

A very  similar  problem  arises  if  the  leap  frog  scheme  is  used  to 
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predict  the  jN^  + 1 time  step,  since  the  S values  are  employed. 

For  these  reasons,  the  diffusion  terms  are  not  evaluated  and  the  Euler 
forward  scheme,  rather  than  the  filtered  leap  frog  scheme,  is  utilized 
to  predict  the  n = jN^  + 1 fields  of  0,  q and  £.  For  0 and  q,  the 
filtered  leap  frog  scheme  is  then  restarted  to  predict  the  values  at 
n = jNq  + 2.  The  filter  is  reinitialized  as: 

jN  jNp 

8 ° = s U.  (3.7.12) 

For  the  initial  time  step  from  the  prescribed  fields  at  n = 0 to 
n = 1,  the  centered  time  integration  scheme  is  inappropriate.  Thus, 
the  Euler  forward  scheme  with  no  diffusion  is  utilized  for  this  step. 
Note  that  the  time  filter  is  initialized  as  in  Equation  (3.7.12)  with 
j = 0 before  the  filtered  leap  frog  scheme  is  applied  to  predict  the 
fields  at  n = 2. 

One  additional  consideration  must  be  made.  In  this  model,  the 
Euler  forward  time  integration  scheme  is  always  employed  for  the  pre- 
diction of  £.  This  is  done  for  primarily  two  reasons.  The  first  is 


that  it  effectively  suppresses  the  Z < 0 computational  mode.  As  noted 
in  Section  3.4,  the  occurrence  of  this  non-physical  computational  mode 
is  particularly  troublesome.  It  arises  in  the  leap  frog  scheme  because 
the  effective  wind  field  for  the  advection  of  Z may  be  very  divergent 
due  to  the  presence  of  the  effective  relative  terminal  velocity  term 
for  ice  water.  In  this  sense,  particularly  when  < Zn,  the  advec- 

tive  term  evaluated  at  n may  remove  more  ice  water  than  is  available 
at  n-1.  This  does  not  occur  with  the  Euler  forward  scheme.  The  second 
reason  is  that  when  used  with  an  upstream  (uncentered)  space  differenc- 
ing, the  Euler  forward  scheme  is  very  stable  (Haltiner,  1971).  This  is 
not  true  when  used  with  centered  space  differencing  schemes,  as  for  5, 

0 and  q,  where  the  Euler  forward  scheme  may  lead  to  computational  in- 
stability if  used  repetitively.  In  fact,  the  solution  is  slightly 
damped  when  using  the  Euler  forward  time  integration  scheme  with  up- 
stream space  differencing.  This  damping,  though  not  desirable  in  and 
of  itself,  is  far  more  desirable  than  permitting  the  Z < 0 computa- 
tional mode . 

In  summary,  the  computational  procedure  is  as  follows: 

1.  Predict  fields  at  n = 1 

Euler  forward  scheme  with  Kg  = 0 for  S = 5,  0,  q and  Z, 
(Equation  3.7.9). 

2.  Initialize  time  filter  for  S = £,  0 and  q (Equation 
3.7.12  with  j = 0). 

3.  Successively  predict  fields  at  n = jNq  + 2 to  n = (j+1)Nq. 

a)  Filtered  leap  frog  scheme  with  lag  step  diffusion 
for  S = 5,  9 and  q (Equation  3.7.8)  where  Sn  ^ is 


evaluated  after  each  step  (Equation  3.7.5). 


b)  Euler  forward  scheme  with  lag  step  diffusion  for  S = l 
(Equation  3.7.9). 

4.  Adjust  0,  q and  Z fields  for  diagnosed  phase  changes  of  water 
(Section  3.9). 

5.  Predict  fields  at  n = jNp  + 1 

\J 

a)  Filtered  leap  frog  scheme  with  lag  step  diffusion  for 
S = t,  (Equation  3.7.8). 

b)  Euler  forward  scheme  with  Kg  = 0 for  S = 0,  q,  Z 
(Equation  3.7.9). 
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6.  Reinitialize  time  filter  S for  S = 0 and  q (Equation 
3.7.12). 

7.  Let  j = j + 1 and  proceed  to  step  3- 

3.8  Solution  of  Poisson's  Equation 

Direct  numerical  time  integration  of  the  governing  prognostic 
equations  requires  that  the  perturbation  streamf unction  field  be 
specified  in  order  that  the  integration  may  proceed  over  the  next  time 
step.  Thus,  diagnostic  Equation  (3.1.10)  must  be  solved  at  each 
dynamic  grid  point  after  each  time  step.  Note  that  £.  is  known  and 

1,K 

^i  k ■*"s  un^aiown  each  grid  point  once  the  integration  step  has 
been  performed.  Thus,  a solution  of  I x K coupled  equations  of  the 
form: 


V?,k* 


.2  ^i+l,k  + *i-l,k  + ^i,k+l  + *i,k-l  " 4 ^i,k^ 


(3.8.1) 


I*01*  i - 2,  . ..,  1-1,  I and  k - 1,  2,  . ..,  K-l,  K is  desired.  The 

solutions  must  obey  the  boundary  conditions  given  by  Equations  (3.1.4) 
and  (3.2.19). 

Efficient  and  highly  accurate  numerical  methods  exist  to  solve 
this  type  of  system,  e.g.  Lorentz  (1976)  and  Sweet  (1977).  A fortran 
program  of  the  cyclic  reduction  algorithm  of  Sweet  (1977)  was  obtained 
from  the  National  Center  for  Atmospheric  Research  Software  Library 
(named  FISHPAK)  and  is  a revised  version  of  the  program  described  by 
Swarztrauber  and  Sweet  (1975).  They  state  that  the  use  of  this  pro- 
gram entails  a loss  of  no  more  than  3 significant  digits  for  I and  K as 
large  as  64.  It  should  be  noted  that  in  addition  to  Equations  (3.1.4) 
and  (3.2.9)  the  program  enforces  the  condition: 


which  may  be  viewed  as  consistent  with  the  continuous  form  boundary 
conditions  on  £ (Equation  2.26)  but  not  with  the  interpretation  here 
(Section  3.2).  This  does  not  appear  to  cause  a substantial  problem. 
Tests  of  the  program  by  this  author  verified  the  stated  accuracy. 

3.9  Phase  Changes  of  Water 

Recall  that  the  model  is  limited  to  a consideration  of  only  one 
non- vapor  phase  of  water.  In  general,  only  the  ice  phase  is  treated. 
However,  for  comparison,  liquid/vapor  phase  simulations  are  also  per- 
formed. This  section  describes  the  manner  of  diagnosing  the  phase 
changes  of  water  and  is  specifically  directed  to  the  vapor  to  ice  (t>-»- 
i)  and  ice  to  vapor  (i  v)  sublimation  processes.  Comments  on 


differences  with  condensation/evaporation  processes  are  made  where 
appropriate . 

The  phase  changes  of  water  are  evaluated  in  a diagnostic  manner. 
Thus,  rather  than  directly  evaluating  the  sublimation  rate  by  means  of 
some  consideration  of  the  microphysical  growth  equation,  the  sublima- 
tion rate  is  evaluated  indirectly  through  an  adjustment  of  the  local 

thermodynamic  (T  + T ) and  water  (q  + q and  Z)  values  to  some  assumed 
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equilibrium  state.  The  adjustment  at  a discrete  time  t reflects 

ft 

the  phase  changes  required  over  the  previous  time  period  At  = NpAt 

such  that  any  non-equilibrium  state  which  has  evolved  in  that  tine  is 

eliminated  (Section  3.7).  It  is  illicitly  assumed  that  the  adjustment 
% 

time  scale  At  is  sufficiently  larger  than  the  corresponding  true 
microphysical  time  scales  such  that  the  assumed  equilibrium  may  be 
realistically  achieved.  The  validity  of  this  assumption  as  well  as 
the  specification  of  the  assumed  equilibrium  state  are  considered  later 
in  this  section.  These  are  essentially  the  parametric  components  of 
the  diagnostic  routine  described  here. 

The  mechanics  of  the  adjustment  process  are  fairly  straightforward 
and  are  discussed  presently.  For  the  moment,  the  equilibrium  assump- 
tions are  that  no  supersaturations  with  respect  to  ice  may  occur  and 
that  no  subsaturations  with  respect  to  ice  may  occur  in  the  presence 
of  ice  water. 

When  the  phase  change  diagnosis  is  made  (i.e.  n = jN^  for  j = 1, 

2,  ...),  the  adjustment  process  is  initiated  at  a thermodynamic  grid 
point  (i+h,k+h)  only  if: 

(q  + qQ)  > q*d  + to,  po) 


(3.9.1) 


or  if: 


(q  + qQ)  < q*(T  + Tq,  pQ)  and  £ > 0 (3.9.2) 

x . 

where  q is  the  saturation  water  vapor  mixing  ratio  with  respect  to  ice 
and  is  a function  of  the  temperature  (T  + T ) and  pressure.  Note  that 
q + qQ  is  assumed  equal  to  the  total  water  vapor  mixing  ratio  for  the 
phase  change  diagnosis.  The  grid  location  indices  have  been  neglected 
for  convenience.  Note  that  effects  due  to  pressure  perturbations  have 
been  neglected.  Errors  due  to  this  approximation  are  exceedingly  small 
(«  0.1$)  for  the  simulations  reported  here.  Statements  (3.9.1)  and 
(3.9.2)  explicitly  assume  uniform  distributions  of  (T  + T ),  (q  + qQ) 
and  £ in  any  thermodynamic  grid  area.  Thus,  the  effects  of  sub-grid 
scale  variability  (e.g.  Sommeria  and  Deardorff,  1977)  have  been  neglect- 
ed. 

The  temperature  and  saturation  water  vapor  specific  humidity  may 
be  approximated  as: 


and 


T + T - (0  + 0 ) 7T 

O 0 o 


(3-9.3) 


9 <T  + To’  P„> 


e es(T  + Tq) 

CP,  " e.lT  + T 77  ’ 


(3.9.4) 


respectively,  where  e^  is  the  saturation  vapor  pressure  of  water  with 
respect  to  a plane  pure  ice  surface  and  is  a function  of  temperature 
alone.  The  manner  of  computing  e,(T  + T ) is  described  in  Appendix  A 
and  is  accurate  to  within  +0.1$  over  the  range  of  temperatures  con- 
sidered here.  A similar  representation  of  the  saturation  vapor  pres- 
sure of  water  with  respect  to  a plane  surface  of  pure  liquid  water  is 
also  given  in  Appendix  A.  The  error. in  the  above  approximations  for 


eg  and,  thus,  q are  due  primarily  to  errors  in  the  diagnosis  of  T + T 
by  means  of  Equation  (3-9-3).  In  the  case  where  the  entire  layer  is 
cooled  by  5°C,  the  effect  of  using  tto  rather  than  tt,  to  compute  T + T 
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would  lead  to  an  error  of  5%  in  eg  and  q at  the  top  of  the  domain. 
Much  better  accuracy  is  generally  expected  as  this  is  a worst  case. 

This  problem  may  be  further  minimized  by  periodically  updating  the  val- 
ues of  p and  ir  . 
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The  values  of  (T  + Tq),  (q  + q ) and  £ are  adjusted  according  to: 

(T  + Tq)*"  = (T  + Tq)  + i (C  At*)  (3.9.5) 

P 

(q  + q0)  = (q  + qD)  - (c  At* ) (3.9.6) 

and  % = l + (C  At*)  (3.9.7) 

where  the  primed  quantities  denote  the  new  diagnosed  values,  once  the 
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equilibrium  adjustment  has  been  made . Note  that  C is  the  sublimation 
rate  averaged  over  the  time  interval  Nc  At.  For  sublimation  processes, 
the  coefficient  of  latent  heat  L is  very  nearly  a constant  at  tropo- 
spheric tenperatures . The  value  employed  here  as  well  as  the  manner 
of  computing  the  temperature  dependent  value  of  L for  condensation/ 
evaporation  processes  is  given  in  Appendix  B.  Note  that  subsequent  to 
the  adjustment  process,  the  new  equilibrium  perturbation  potential 
temperature  is  computed  by  inverting  Equation  (3.9.3)  as: 


0" 


0o  * 


(3-9.8) 


One  additional  relationship  is  needed  to  close  the  system  of 
Equations  (3.9.5)*  (3.9.6)  and  (3.9.7).  The  first  equilibrium  assump- 


tion leads  to: 


(3.9.9) 


(0.  + qo)"  = q*((T  + Tor,  pQ)  . 

This  is,  also,  a valid  representation  of  the  second  equilibrium  assump- 
tion except  when  Equation  (3.9.2)  is  true  and 

I(  T + T ) + L l ) 

O — — j p I 

cp  °[  (3.9.10) 

in  which  case : 

(c  At*)  = l (3.9.11) 

is  appropriate.  In  this  instance,  Equation  (3.9.11)  allows  the  adjust- 
ment to  proceed  directly  from  Equations  (3.9.5),  (3-9.6)  and  (3.9.7). 

When  Equations  (3.9.1)  or  (3.9.2)  are  true  and  Equation  (3.9.10) 
is  not  true,  Equations  (3.9.5),  (3.9.6)  and  (3.9.9)  may  be  combined  as 
in  Hack  and  Schubert  (1976)  to  yield: 

(J 

(q  + qo)  - q*((T  + Tor,  po)  --£{(1  + To)  - (T  + Tq)'J  = 0 (3.9.12) 

where  (q  + q )"  and  (C  At  ) have  been  eliminated.  This  is  a closed 

equation  for  (T  + Tq  )' . Due  to  the  complicated  nature  of  the  func- 

tion  q , an  analytic  solution  for  (T  + T )'  is  not  readily  available. 

However,  an  iterative  solution  is  easily  obtained  by  applying  Newton's 

method  ( Carnahan,  et  al,  1969 ) as  follows : 

i.  Wake  an  initial  guess  of  (T  + T )"  and  set  the  iteration 

o 

index  v = 1.  Note  that  if  Equation  (3.9.1)  is  true,  then 


+ T )^V  ^ > 


(T  + T ) 
o 


(T  + T ) 
o 


or  if  Equation  (3.9.2)  is  true,  then 


(T  + T )^V  ^ < (T  + T ) 


ii.  Compute  a new  estimate  (T  + T )“*  from: 


(T  + To)^v+1)  = (T  + Tor(v)  + i j(q  + qQ)  - q*(  ( T + To)-*(v),  Pq)  } 


- j(T  + Tq)"(v)  - (T  + Tq)|1  * j^l 
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(3.9.13) 


where 
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(V)  _ 3 es(y) 
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(3.9.14) 


The  manner  of  confuting  A is  described  in  Appendix  A for  both  sublima- 
tion and  evaporation/condensation  processes.  Note  that  the  saturation 
vapor  pressure  term  in  the  denominator  of  Equation  (3.9.4)  has  been 
regarded  as  a constant  when  determining  A. 

iii.  Compute  the  new  estimates  of  (C  At*/V+P^,  (q  + qQ )^v+^ ^ 

and  from  Equations  (3-9.5),  (3.9.6)  and  (3.9.7), 

respectively,  where  (T  + T )^V+^  ts  substituted  for 

(T  + Tq)^  in  Equation  (3.9.5). 

iv.  Test  convergence  of  iteration.  If: 


(3.9.15) 


| q*((T  + TQr(v+l), 
j q*((T  + Tq)  (V+1), 
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< err 


then  consider  the  estimates  correct.  If  Equation  (3.9.15)  is  not  true, 
then  let  v = v+l  and  repeat  the  procedure  from  step  ii. 

The  convergence  parameter  is  usually  specified  as  err  = 10-^, 
which  corresponds  to  an  error  of  0.01%  in  the  relative  humidity  com- 
pared to  the  equilibrium  assumption.  Convergence  is  usually  achieved 
in  less  than  four  iterations. 

Once  convergence  is  achieved  the  adjusted  values  of  0,  q and  SL 
are  specified  at  the  thermodynamic  grid  point  (i+^,k+%)  at  time  step 
n = jNc  as: 


(T  + I0)'(V+1)  . g 

y = o 

7T 

0 

/ \ (v+l) 

i = <1 + %>  , - % 

(3.9.16) 

and 

respectively. 

The  equilibrium  assumptions  actually  employed  in  the  model  are  now 
considered.  The  above  adjustment  procedure  is  correspondingly  modified 
only  in  the  definition  of  some  terms.  The  approach  adopted  here  is 
highly  empirical  though  guided  by  some  theoretical  considerations. 

Three  distinct  phase  change  processes  are  considered.  These  are  the 
vapor  to  ice  sublimation  processes  in  clear  air  (y  -+  i),  the  vapor  to 


ice  sublimation  process  in  the  presence  of  ice  particles  (y  -v  i+i)  and 
the  ice  to  vapor  sublimation  process  (i  y) . 

For  the  (y  i)  process,  theoretical  computations  reported  by 
Heymsfield  ( 1975c)  indicate  that  supersaturations  with  respect  to  ice 
on  the  order  of  50%  may  be  required  to  initiate  homogeneous  nucleation 
at  temperatures  typical  of  cirriform  cloud  levels.  However,  for  d = 

100  m,  the  results  of  Sommeria  and  Deardorff  (1977)  indicate  that  super- 
saturations  of  this  order  may  be  expected  locally  within  a grid  area 
when  the  mean  grid  area  supersaturation  is  on  the  order  of  20-30%. 
Heymsfields  computations  show  that  ice  crystals  may  grow  to  lengths  of 
^ 30 0 pm  within  ^ 10  minutes  where  the  water  vapor  supply  is  depleted 
to  near  saturation  in  this  time.  These  results  are  consistent  with  the 
results  of  Jayaweera  (1971).  Recall  that  ideally,  Nn  At  > x .is 

0 'V  y-KL 

required,  where  x is  the  time  scale  corresponding  to  the  (y-»-i)  pro- 
cess. The  microphysical  response  times  in  the  presence  of  ice  crystals 
are  much  faster  (Heymsfield,  1975c  or  Jayaweera,  1971).  Substantial 
further  modification  of  the  particle  size  spectrum  may  occur  within 
time  intervals  less  than  5 minutes,  i.e.  r < 5 minutes.  Thus,  if 

Nc  At  'v  10  minutes,  the  physics  may  be  very  substantially  in  error  at 
the  time  steps  between  phase  change  diagnoses.  Economic  considerations 
as  well  as  the  above  suggest  Nn  At  = 5 minutes  (i.e.  N„  = 10  for  At  = 
30s)  may  be  adequate  for  the  purposes  here.  The  sensitivity  of  simula- 
tions to  the  choice  of  will  he  established  in  Section  4*5.  With 
this  choice  and  noting  the  results  above,  a reasonable  modification  of 
the  adjustment  process  is  to  substitute  1.2  q for  q in  Equation 
(3.9.1).  Noting  that  xy_^  > xy  . +. , it  is  assumed  rather 


r> 

O'* 


arbitrarily  that  the  existing  supersaturation  is  only  half  depleted  in 
5 minutes.  This  is  consistent  with  the  results  of  Heymsfield  ( 1975c). 
This  may  be  incorporated  into  the  adjustment  procedure  by  substituting 
1.12  q*  for  q*  in  Equations  (3.9.9),  (3.9.12),  (3.9.13)  and  (3.9.15). 

In  addition,  the  same  factor  must  be  applied  to  in  Equation 

(3.9.13).  The  use  of  1.12  is  clarified  below. 

For  the  (u  -*■  i+l)  process,  Heymsfield' s computations  indicate  that 
no  modifications  are  required.  However,  in  an  unpublished  companion 
study  to  Starr  and  Cox  (1980),  they  found  that  supersaturations  with 
respect  to  ice  up  to  15$  are  very  common  in  cirriform  cloud  layers. 

They  observed  a mean  value  of  'v  8$  and  a median  value  of  % 5%.  This 
result  may  be  readily  incorporated  into  the  model  by  substituting  1.05 
q for  q in  Equations  (3.9.1),  (3.9.9),  (3.9.12),  (3.9.13)  and  (3.9.15) 
and,  also,  multiplying  1.05  times  the  factor  in  Equation  (3.9.13). 

A modification  of  this  paraneterization  at  cloud  top  level  may  also 
be  appropriate.  Roach  and  Bader  (1977)  have  noted  that  based  on  micro- 
physical computations  where  radiative  effects  were  taken  into  account, 
that  the  infrared  radiative  budget  of  an  ice  crystal  near  cloud  top  is 
such  that  the  larger  crystals  may  continue  to  grow  in  significantly  sub- 
saturated conditions.  Thus,  particularly  at  night,  the  original  equi- 
librium assumption  is  probably  more  valid  near  cloud  top.  In  the  day- 
time, absorption  of  solar  radiation  may  largely  negate  this  effect. 

Thus,  at  night,  the  factor  1.0  is  applied  as  above  and  in  the  daytime 
the  factor  1.02  is  applied  for  the  cloud  top  layer. 

When  considering  the  (i  -»•  v)  sublimation  process,  one  factor  which 
must  be  considered  is  the  hardiness  of  ice  crystals.  Observations 
(e.g.  Braham  and  Spyers-Duran  (1967),  Berson  (1967))  and  theoretical 


computations  (e.g.  Roach  and  Bader  (1977)  and  Hall  and  Pruppacher, 

1976))  indicate  that  x.^  » For  example,  Roach  and  Bader 

show  that  large  ice  crystals  with  length  dimensions  greater  than  a,  200 
ym  may  fall  more  than  1 km  in  still  clear  air  where  the  environmental 
relative  humidity  with  respect  to  ice  is  80%.  However,  the  incorpora- 
tion of  such  Lagrangian  information  into  a Eulerian  model,  such  as  here, 

is  not  straightforward.  The  effective  relative  terminal  velocity  of  ice 
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water  ranges  from  a.  0.6  m s to  ^ 1.6  m s in  magnitude  when  signifi- 
cant numbers  of  large  ice  crystals  are  present  as  developed  in  Section 
(3.10).  The  exact  magnitude  depends  on  the  ice  water  content,  pQ  Z. 

Thus,  in  a Lagrangian  sense,  a precipitation  stream  may  propagate  down- 
ward 1 km  in  a,  10  to  'v  30  minutes  in  this  Eulerian  model  given  a suffi- 
ciently large  pQ  Z at  all  times.  Noting  that  the  falling  ice  water  is 
subject  to  the  (i  -*■  v)  phase  change,  a mean  fall  speed  of  a*  1 m s ^ 
might  be  associated  with  the  entire  lifetime  of  the  precipitation  stream. 
In  this  case,  all  ice  water  present  in  an  environment  with  a relative 
humidity  with  respect  to  ice  of  80$  should  be  converted  to  the  vapor 
phase  within  ^ 15  to  'v  20  minutes.  This  time  scale  is  less  in  the  case 
of  a more  moist  environment  (Ros.oh  ani  Bader,  1977). 

A simple  parameterization  is  to  allow  only  a fraction  f^  of  the 
ice  water  present  to  undergo  the  (i  -+  v)  sublimation  process  at  a given 
time.  The  amount  f^  £ is  of  course  a maximum  value,  since  in  order  to 
be  consistent  with  the  previous  developments,  the  (v  -*■  i+i)  equilibrium 
assumption  must  also  be  maintained.  This  may  be  seen  in  that  if  Equa- 
tion (3.9.10)  is  modified  as  above  for  the  ( v -*■  i+i)  process  and  f^  Z 
is  substituted  for  Z,  and  the  statement  is  not  true,  then  the  in-cloud 
equilibrium  assumption  would  be  violated  if  Equation  (3.9.11),  with 


£ substituted  for  £,  is  used  for  the  direct  diagnosis  of  the  phase 
change  (i.e.  the  maximum  case).  In  this  instance,  Equation  (3.9.9), 
modified  as  above  for  the  (v  i+i)  process,  is  invoked  and  diagnosis 
of  the  phase  change  proceeds  iteratively  from  the  correspondingly  modi- 
fied form  of  Equation  (3.9.12).  If  the  modified  form  of  Equation 
(3.9.10)  is  true,  the  phase  change  adjustment  proceeds  directly  from 
Equation  (3.9.11)  with  f ^ £ substituted  for  £. 
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Since  as  developed  in  Section  (3.10),  pQ  £ = 10  g m corresponds 
roughly  to  the  threshold  for  the  diagnosis  of  significant  numbers  of 
large  ice  crystals,  potentially  all  the  ice  water  present  may  undergo 
the  (i  -*■  v)  process  for  ice  water  contents  less  than  this  amount,  i.e. 
if  pQ  £ 8 10  ^g  m ^ , then 

?z  = 1.0  . (3.9.17) 

Given  this  condition  and  noting  the  proposed  value  of  Np  At  = 5 minutes, 
the  function  f„  should  allow  p £ to  be  reduced  to  less  than  10-^  g m-^ 
within  'v  3 phase  change  diagnoses  (i.e.  ^15  minutes)  at  a relative 
humidity  of  80$.  The  following  scheme  is  proposed  in  the  case  where 
Nq  At  = 5 minutes:  - 

if  RHj  £ 0.8,  then: 

(0 

f«c  = max  { (3.9.18) 

( 4.5  (1  - RHj)  , 

otherwise, 

( 1.0 

fo6  = min  ) (3.9.19) 

? ( (6.2  - RHj ) / 6 


where 


HHj  E 


(3.9.20) 


* <T  + V Poll 

and  the  subscript  5 on  f ^ denotes  the  corresponding  value  of  At. 

This  parametric  function  f^  as  defined  by  Equations  (3.9.18)  - 
(3.9.20)  is  admittedly  rather  crude.  However,  in  the  case  where  the 
environmental  relative  humidity  with  respect  to  ice  is  maintained  at 
80$,  i.e.  RHj  = 0.8,  all  ice  water  is  converted  to  vapor  in  20,  15,  10 
and  5 minutes  beginning  with  a diagnosis  at  pq  £ = 1.0,  0.1,  0.01  and 

_3 

0.001  g m , respectively.  Based  on  the  observation  of  ice  water  con- 
tents in  cirriform  clouds  (see  Section  3.10),  15  minutes  or  less  will 
generally  be  required.  This  agrees  with  the  previously  noted  studies  of 
ice  crystal  survival  times.  Note  that  for  RH^  = 1.0,  0.9,  0.8,  0.6, 

0.4  and  < 0.2,  f ^ = 0.00,  0.45,  0.90,  0.93>  0.97  and  1.0.  A value  of 
HHj  = 0.26  effectively  halves  the  response  time  to  10  and  5 minutes  in 
the  case  where  an  initial  diagnosis  is  made  for  pQ  £ = 1.0  and  0.01 
gm  ■*■,  respectively. 

The  function  f ^ has  been  tuned  to  both  the  specified  value  of 
N„  At  and  the  observations.  Thus,  any  modification  of  Nn  At  requires 
an  adjustment  of  the  function  f. . This  may  be  readily  accomplished  by 
noting  that: 


(N  At/5  min) 

' f£  = (1  - fA5)  (3.9.21) 

is  required  to  achieve  the  same  time  scales  for  any  specified  At 
where  f^  is  determined  from  Equations  (3.9.18)  - (3.9.20). 

The  computational  procedure  followed  for  the  parametric  water  phase 


change  diagnosis  in  the  model  is  summarized  by  the  following  steps. 


1.  If  n = j At  } where  n is  the  time  step  index,  At  = At, 

At  is  the  time  step  interval  and  j =1,  2,  3,  then 

proceed  to  step  2.  If  n f j At  , then  no  diagnosis  is  per- 
formed at  this  time  step. 

2.  At  each  thermodynamic  grid  point  (i+^,k+%),  compute  T + Tq 
and  q (T  + T , p ) from  Equation  (3.9.3)  and  (3.9.4)>  re- 
spectively, test  for  the  assumed  equilibrium  between  the 
phases  of  water  as  in  steps  (2a-d).  (Note  that  the  grid 
indices  are  omitted  here). 

a)  If  £=0  and  (q  + qQ)  5 1.2  q*  (T  + T , p ),  then  let 

l 

T =1.2  and  proceed  to  step  4. 

b)  If  Z > 0 and  (q  + qQ)  ^ f q (T  + T , pQ),  where  T = 
1.05  if  k < KT  - 1,  r = 1.00  if  k = KT  - 1 andtfn  < 90°, 
and  T = 1.02  if  k = KT  - 1 andt^n  > 90°  then  proceed  to 
step  4.  Note  that  KT  - % is  the  cloud  top  grid  area 
and  is  the  solar  zenith  angle  as  defined  in  Section 
3.11. 

c)  If  PQ  Z < 10“^  g m--3  and  (q  + qQ)  < V q*  (T  + Tq,  Pq), 
where  T is  defined  as  in  step  2b,  then  let  f^  = 1.0  and 
proceed  to  step  3. 

d)  If  pQ  £ > 10-4  g m“3  and  (q  + qQ)  < T q*  (T  + Tq,  Pq), 
where  T is  defined  as  in  step  2b,  then  compute  f^ 

as  in  Equation  (3-9.18)  - (3-9.21)  and  proceed  to 
step  3. 


1 Consistently  r = 1.05  or  1.16  in  the  case  of  N~  At  = 10  or  2.5 
minutes,  respectively. 


3. 


% % 

Substitute  f^  Z for  l and  Tq  for  q in  Equation  (3.9.10) 
and  test  to  see  if  the  statement  is  true.  If  true,  sub- 
stitute f^  Z for  Z in  Equation  (3.9.11)  and  proceed 
directly  with  the  adjustment  from  Equations  (3.9.5),  (3.9.6), 
(3.9.7)  and  (3.9.16). 

% y. 

4.  Substitute  Tq  for  q and  TA  for  A in  Equations  (3.9.13) 
and  (3-9.15)  and  proceed  with  iteration  as  described 
previously,  i.e.  steps  (i)  to  (iv),  until  convergence  is 
achieved.  Complete  the  adjustment  as  in  Equation  (3.9.16). 

When  a liquid/vapor  water  phase  simulation  is  performed,  the 
adjustment  proceeds  under  the  original  equilibrium  assumptions,  i.e. 

T = 1.0  and  f^  = 1.0  in  all  cases.  This  is  consistent  with  micro- 
physical observations  of  liquid  phase  middle  tropospheric  stratiform 
clouds  as  summarized  by  Mason  (1971). 

Recall  that  effects  due  to  sub-grid  scale  variability  of  T,  q 
and  Z have  been  neglected  in  this  development.  A desire  for  simplicity 
and  a basic  lack  of  knowledge  have  dictated  this  approach.  This  may 
be  seen  in  that  the  schemes  proposed  by  Manton  and  Cotton  (1977)  and 
Sommeria  and  Dear dorff  (.1977)  were  designed  primarily  for  models  of 
cumulus  convection  and  boundary  layer  processes  in  the  lower  atmosphere. 
Furthermore,  the  validity  of  the  assumptions,  which  form  the  basis  of 
those  parametric  schemes,  has  not  been  rigorously  established  by  ob- 
servations . The  neglect  of  sub-grid  scale  variability  for  water  phase 
change  processes  is  somewhat  consistent  with  the  rather  simple  treat- 
ment of  sub-grid  scale  processes  employed  elsewhere  in  this  model,  i.e. 
eddy  diffusion  processes.  It  is  hoped  that  the  use  of  d = 100  m will 


minimize  the  impact  of  these  assumptions.  However,  Sommeria  and 
Deardorff  (1977)  state  that  use  of  this  assumption  leads  to  somewhat  ' 
less  extensive  and  intense  convection  in  a simulation  compared  to  the 
case  where  their  parameterization  is  employed. 

3.10  Effective  Relative  Fall  Velocity 

In  the  governing  equation  for  the  ice  phase  water  budget,  the 
* 

quantity  v £ appears,  which  accounts  for  the  vertical  flux  of  £ due  to 
the  gravity  induced  vertical  fall  velocity  of  the  ice  particles  com- 
prising £ relative  to  a coordinate  system  moving  at  the  vertical  air 
velocity  (w  + w ).  The  manner  of  specifying  v , which  is  the  effec- 
tive relative  fall  velocity  of  the  ice  phase  water,  is  developed  in 
this  section. 

A parametric  approach  is  adopted.  The  resulting  parameterization 

is  most  valid  for  ice  phase  stratiform  clouds  at  temperatures  less 

than  'u  -20°C.  This  is  consistent  with  the  limitations  of  the  model, 

where  only  one  non-vapor  phase  of  water,  which  is  generally  specified 

as  the  ice  phase,  may  be  taken  into  account.  The  parameterization  is 

computationally  efficient  and,  hopefully,  yields  a realistic  diagnosis 
* 

of  v as  a function  of  ice  water  content,  p £.  A liquid  phase  para- 
meterization is,  also,  given. 

Since  the  full  microphysical  growth  equations  are  not  incorporated 
into  the  model  for  the  reasons  stated  previously,  it  is  virtually  im- 
possible  to  account  for  all  the  variations  in  v which  may  occur  in 
natural  clouds.  In  particular,  the  effects  of  particle  size  sorting  by 
virtue  of  the  interaction  of  the  dynamics  and  microphysics  are  not 


taken  into  account.  This  may  not  be  too  severe  of  a problem  for  the 

cloud  layer  itself  but  may  limit  the  validity  of  the  parameterization 

for  precipitation  trails  emanating  from  the  cloud  layer. 

Let  r be  some  characteristic  length  of  a given  water  particle  of 

"type  j,  where  v .(r)  and  m.(r)  are  the  corresponding  relative  vertical 

fall  speed  and  mass  of  that  particle.  The  type  of  particle  refers  to 

the  particle  habit,  e.g.  liquid  water  drop,  a columnar  ice  crystal,  a 

plate  form  ice  crystal,  etc.  It  is  assumed  that  the  relative  vertical 

fall  velocity  of  a particle  equals  its  terminal  velocity  in  still  air. 

Let  n.(r'')  be  the  number  density  of  particles  of  type  j and  character- 
J 

istic  length  r in  the  size  interval, 


(r'  - v?)  < r < (r  + 

where  A is  some  small  length  interval.  For  the  computations  reported 
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here,  A = 10  m.  Now, 


i i j 

£ = — Z Z n.(r.)  m.(r  ), 

P i=i  j=l  J 1 J i 


* 1 r J 

- v l = — Z Z n.(r.)  m.(r.)  y.(r.) 

P i=i  j=i  J i j i J i 


and,  thus , 


(3.10.1) 


where 


* 


- v 


1'  J 

Z E n.(r. ) m (r.  ) v (r. ) 
i=l  j=l  J 1 J i J i 

I'  J 

E E n.(r.  ) m.(r.  ) 

1=1  j=l  J 1 J 1 


r. 

l 


= (i  - h)  A , 


p is  the  air  density,  and  is  the  characteristic  length  of  the  largest 
particle  present.  For  the  computations  reported  here,  I'  = 5 x 10^ 
corresponding  to  r^  = 5 x 10~^  m,  unless  a point  of  insignificance  is 
reached  first,  i.e.  numerical  underflow.  The  number  density  size  dis- 
tribution may  be  represented  as: 


n.(r.  ) 
J i 


N.  n.(r. ) 
J J i 


where  N.  is  the  number  density  of  all  particles  of  habit  j and  n*(r. ) 

J J i 

is  a dimensionless  normalized  size  distribution  function. 

Many  ice  crystal  habits  may  be  found  in  stratiform  ice  clouds. 
Weickmann  (1947)  reported  that  at  temperatures  less  than  -25°C,  hexa- 
gonal prisms  are  the  most  common  crystal  forms.  He  found  the  bullet 
rosette  to  be  the  primary  crystal  ha.it  in  convectively  active  cirrus 
clouds,  while  in  less  convectively  active  cirrostratus  clouds  eroded 
single  bullets,  columns  and  plates  were  predominant.  Based  upon  labora- 
tory experiment,  aufm  Kampe  et  al . ( 1951 ) found  that  irregular  aggre- 
gates of  plates  and  columns,  bullet  rosettes  and  single  columns  should 
be  the  most  common  crystal  habits  at  temperatures  between  -20° C and 
-40°C.  Based  on  his  own  extensive  observations  and  those  of  other 
workers,  Ono  (1970)  reported  that,  at  temperatures  less  than  -22°C, 
single  columns,  bullets  and  thick  plates,  bullet  rosettes  and  irregular 
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aggregates  of  plates  and  columns  are  the  predominant  crystal  habits. 
Heymsfield  and  Knollenberg  (1972)  found  that,  in  convectively  active 
cirrus  generating  cells,  the  crystal  forms  were  about  75%  bullets, 
columns  and  bullet  rosettes  and  about  25%  plates.  They  also  noted 
that  the  observed  plate  form  ice  crystals  invariably  corresponded  to 
the  smallest  particle  sizes  observed  (r  < 10  ^ m).  Similar  results 
were  reported  by  Heymsfield  (1974)  for  sub-tropopause  thin  cirrus. 
Heymsfield  ( 1975a)  found  that,  in  convectively  active  cirrus  uncinus 
clouds,  the  predominant  ice  crystal  types  were  bullet  rosettes,  single 
bullets,  banded  columns  and  plates  in  that  order.  Hobbs,  et  al.  (1975) 
reported  that,  in  numerous  samples  of  cirrostratus  clouds,  irregular 
aggregates  of  columns  and  plates  and  single  columnar  forms  were  the 
most  commonly  observed  ice  crystal  habits.  Based  on  observations  in 
numerous  cirriform  clouds  at  temperatures  less  than  -22°C,  Heymsfield 
(1977)  found  that  columns  and  thick  plates  were  predominant  with  weak 
convective  activity,  while  in  convectively  active  layers,  bullet 
rosettes  and  hollow  columns  were  the  most  common  crystal  habits. 

Varley  (197 8)  and  Varley  and  Brooks  (1978)  found  that  in  cirrostratus 
clouds,  the  larger  particles  were  mcsr,  commonly  irregular  aggregates 
and  bullet  rosettes,  while  plate  form  crystals  were  predominant  for 
the  smallest  particle  sizes. 

The  observations  of  Hobbs,  et  al.  (1975)  and  Heymsfield  (1977) 
indicate,  that  for  temperatures  less  than  a,  -20°C,  the  contribution  of 
liquid  phase  water  to  the  total  non- vapor  phase  water  content  is  in- 
significant. This  is  consistent  with  the  conclusions  of  Schaefer 
(1951),  where  the  initiation  of  ice  crystals  in  cirrus  clouds  is  at- 
tributed primarily  to  spontaneous  nucleation. 


Ono  (1970)  and  Heymsfield  (1977)  note  that  at  warmer  temperatures 
planar  crystal  forms,  e.g.  dendrites,  and  high  aspect  ratio  columnar 
forms,  e.g.  needles,  may  he  predominant.  Locatelli  and  Hobbs  (1974) 
found  that  riming  may  also  be  an  important  factor  in  modifying  the  ice 
crystal  types  at  warmer  temperatures.  In  addition,  as  temperature  in- 
creases toward  0°C,  the  liquid  phase  particle  habit  becomes  increasing- 
ly more  significant  until  at  T > -5°C,  it  may  be  predominant.  However, 
over  the  range  of  temperatures  where  the  ice  phase  and  liquid  phase  of 
water  may  coexist  in  significant  quantities,  i.e.  T = 15  C°to  0°C,  the 
liquid  phase  particles  are  predominantly  very  small,  (Heymsfield,  1977). 

For  the  parameterization  developed  here,  only  two  water  particle 
habits  are  considered.  These  are  the  column  and  the  bullet  rosette 
aggregate  ice  crystal  types.  Thus,  the  parameterization  is  most  appli- 
cable for  temperatures  less  than  -20°C.  Since  both  the  mass  and 
terminal  velocity  of  ice  particles  are  monotonically  increasing  func- 
tions of  r,  both  the  total  ice  water  content,  p £,  and  the  effective 
terminal  velocity  corresponding  to  a given  particle  size  distribution 
are  dominated  by  the  contributions  due  to  the  largest  particles  pre- 
sent in  significant  abundance.  .Basel  upon  this  fact  and  the  fact  that 
the  mass-length  relations  and  terminal  velocities  of  the  smallest 
particles  present  are  not  too  different  for  the  different  ice  crystal 
habits  in  an  absolute  sense,  the  plate  form  ice  crystal  habit  is 
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neglected  in  this  development.  Errors  in  the  computed  'v  ■ due  to  this 
assumption  are  minimal.  A similar  justification  for  neglecting  the 
liquid  phase  water  particle  habit  may  also  be  invoked. 

In  Table  1,  mass-length  relations  for  various  ice  crystal  types, 
which  are  based  upon  numerous  observations  and  empirically  derived  by 


the  authors  noted,  are  presented.  The  characteristic  length  of  r of  an 
ice  crystal  is  defined  here  as  the  maximum  length  dimension  of  that 
crystal.  These  relationships  are  plotted  in  Figure  7.  Note  that  single 
columns  are  more  massive  than  bullet  rosettes  for  r < 5 x 10- ^ m and 
that  the  curve  for  plates  lies  between  these  curves  for  the  smaller 
particle  sizes.  Except  for  very  large  particles,  irregular  aggregates 
are  the  most  massive  particles  at  any  given  characteristic  length. 


m(g)  = A rB  (10  ^ m) 

Particle  habit  Source 


Columns  ( j =1 ) 

1.35  x lCf10 

1.7 

Heymsfield  (1972) 

Bullet  rosettes 
(j=2) 

4.4  x 10~^ 

3.0 

tt 

Plates 

8.22  x lO-13 

2.5 

II 

Unrimed  aggregates 
of  plates,  bullets 
and  columns 

7.36  x 10-11 

1.9 

Locatelli  and 
Hobbs  (1974) 

Table  1.  Mass-length  relationships. 


Heymsfield  (1972)  states  that  the  standard  error  of  these  formulas  is 
on  the  order  of  _+  20%  for  individual  ice  crystals.  However,  much 
better  accuracy  may  be  expected  when  considering  large  populations  of 
ice  crystals  as  here. 

Based  on  the  exacting  computations  of  Heymsfield  (1972),  the 
magnitude  of  the  terminal  velocities  of  single  column,  bullet  and  plate 
-type  ice  crystals  in  still  air  as  a function  of  characteristic  length 
may  be  represented  by  the  relations  presented  in  Table  2.  These  rela- 
tionships are  plotted  in  Figure  8.  These  data  correspond  to  an  ambient 


Figure  7.  Empirical  relationships  between  particle  charac 
teristic  length,  r,  and  the  corresponding  parti 
cle  mass,  m,  for  various  ice  particle  habits. 
See  text  for  source  and  discussion. 


pressure  of  40  IcPa  (400  mb)  and  an  ambient  air  teiipcrnfiro  of  • 2C‘!7 

These  relations  were  fit  to  his  results  over  the  r;  ■ ' r 1 ' 

—3  -4  -3 

to  10  m.  For  r < 10  m and  r > 10  m,  simple  r.-tvapol3ti.  n frc?a 
the  nearest  size  interval  was  employed. 


y(m  s ■'")  = 

A rB  (10~6  m) 

, -A  V 

Columns  (j=l) 

Bullets  ( 

j=2) 

Plates 

r (10  m) 

A 

B 

A 

B 

0-200 

8.114  x 

10-5  1.585 

5 .666  x 10  5 

1.663 

200-400 

4.995  x 

10“  ■ 3 0.807 

3.197  x 10“ ■ 3 

0.902 

i .480  x 10  ^ CKV26 

400-600 

2.223  x 

10-2  0.558 

2.977  x 10“2 

0.529 

1 ' . . • x L0~"  GC0 

600-800 

4.352  x 

10~2  0.453 

2.144  x 10"2 

0.581 

■ ■ • . - . 

800-5000 

3.833  x 

10~2  0.472 

3.948  x 10“  2 

0.489 

Table  2.  Terminal  fall  speed-length  relationships  ' ..  . •. 

In  a relative  sense,  plate  form  ice  crystals  fax! 
rapidly  than  single  column  or  bullet  ice  crystals  at  small  par tic3s 

sizes.  However,  in  an  absolute  sense,  the  difference;.*,  avuov.- v.  to  nc‘ 
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more  than  2 x 10  ms  for  r *"  10  m.  Comparing  column.  bu-llecs 
at  any  given  characteristic  length,  the  more  massive  particle  tends  ~z 
fall  faster  but  there  is  a superimposed  aerodynamic-  effect.  leymsilc.' 

( 1975c)  states  that  the  relationship  for  bullet  rosettes  cor:  ■.>.  nor 
closely  to  that  for  single  bullets  (at  least  to  within  the  ,v 

of  the  computations ) . This  is  also  assumed  here,  feymsfiel \ ' 7-  ) 

states  that  the  standard  error  of  his  computations  . or  in:;;  ■ 

tals  is  on  the  order  of  + 20$  and  is  due  primarily  1 ?.  fra 


r,(m) 


Figure  8.  Empirical  relationships  between  particle 

characteristic  length,  r,  and  the  correspond- 
ing particle  terminal  fall  speed,  [v,  for  vari 
ous  ice  particle  habits.  See  text,  for  source 
and  discussion. 


noted  uncertainty  in  the  empirical  mass-length  relationships,  which 
were  employed.  However,  as  before,  much  better  accuracy  may  be  anti- 
cipated when  considering  large  populations  of  crystals  as  here. 

Presumably,  the  irregular  aggregate  type  particle  would  have  a 
larger  terminal  velocity  than  the  bullet  rosette  for  a given  character- 
istic length  by  virtue  of  its  larger  mass  for  most  values  of  r.  How- 
ever, an  opposing  effect  is  that  due  to  its  less  aerodynamic  shape,  the 
irregular  aggregate  crystal  would  experience  more  drag  and,  thus,  fall 
slower  than  a bullet  rosette  at  a given  value  of  r.  Because  of  the 
lack  of  an  appropriate  empirical  terminal  velocity- length  relationship 
for  the  irregular  particles,  all  aggregate  particles  have  been  assumed 
to  be  bullet  rosettes.  It  is  hoped  that  the  conpensating  effects  noted 
above  will  mitigate  the  effect  of  neglecting  the  irregularly  shaped 
aggregate  ice  particle  habit. 

Thus,  j = 2 is  assumed  in  Equation  (3.10.1),  where  j = 1 and  j = 2 
correspond  to  the  single  column  and  bullet  rosette  ice  crystal  habits, 
respectively.  The  appropriate  relations  from  Tables  1 and  2 are  em- 
ployed for  m.(r.  ) and  y .(r.  ),  respectively.  Since  it  is  unclear  from 
J J 1 

the  previously  discussed  observations  exactly  what  relation  might  be 
invoked  concerning  the  relative  abundance  of  these  two  crystal  habits, 
it  is  arbitrarily  assumed  that: 


where 


5 

N 


5Tr77 


N = Nx  + N2 


and 


n(ri>  E nliT±)  + n2<ri> 


are  the  total  number  density  and  number  density  size  distribution  func- 
tion for  all  ice  particles  present,  respectively,  and  WW  is  some  con- 
stant, positive  fraction.  Thus, 


nl^  ri > 

= (WW)  n(ri) 

and 

n2( ri > 

= (1-WW)  n(ri) 

(8.10.2) 

where 

n(  r. ) 

= Nn(r.), 

are  assumed.  Formally,  the  relative  abundance  of  the  two  ice  crystal 

habits  has  been  assumed  to  be  independent  of  particle  size . However, 

due  to  the  dominant  influence  of  the  largest  particles  present  in 
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significant  quantities  on  the  computed  v , the  choice  of  WW  may  be 
interpreted  as  effectively  specifying  the  relative  abundances  of  these 
largest  particles. 

The  computations .reported  here  are  performed  for  specified  values 
of  WW  = 0,  0.5  and  1.0  corresponding  to  an  assumption  that  all  parti- 
cles are  bullet  rosettes,  that  there  is  an  equipartitioning  between 
single  columns  and  bullet  rosettes  and  that  all  particles  are  single 
columns,  respectively. 

The  form  of  the  particle  size  distribution  functions  associated 
with  stratiform  ice  phase  clouds  is  not  well-known.  Heymsfield  (1975a), 
Varley  (1978),  and  Varley  and  Brooks  (1978)  all  indicate  that  in  all 
cases  the  smallest  particles  dominate  the  total  number  density  with  a 
peak  in  the  number  density  distribution  at  a characteristic  length  less 


a 


than  -u  10  m.  Hobbs  et  al.  (1975)  present  data  which  implies  that 
large  particle  mode  with  a modal  length  on  the  order  of  5 x 10-^  m or 
greater  tends  to  be  found  with  ice  water  contents  greater  than  'u  0.1 
g.nT^.  At  smaller  values  of  ice  water  content,  a peak  in  the  particle 
size  distribution  tends  to  occur  at  a characteristic  length  of  10-^  m 
to  3 x 10-^  m.  Heymsfield  ( 1975a)  observed  a distinct  peak  in  the 
particle  size  distribution  at  r ^ 5 x 10  ^ m in  cirrus  uncinus  clouds 

_3 

with  an  ice  water  content  of  ^ .25  g m . He,  also,  shows  what  may  be 
interpreted  as  a weak  modal  peak  at  r ^ 10-^  m for  cirrostratus  clouds 

_3 

with  an  ice  water  content  of  'v  0.02g  m . These  observations  agree 
reasonably  well  with  those  of  Varley  (1978)  and  Varley  and  Brooks 
(1978),  who  found  a fairly  strong  tendency  for  peaks  in  the  number 
density  distribution  at  a characterstic  length  of  10-^  m to  3 x 10-^  m 

_/  _p  _3 

for  ice  water  contents  ranging  from  10  to  10  g m . The  modal 

\ 

length  of  the  large  particle  mode  tended  to  increase  with  increasing 
ice  water  content.  Their  data  tend  to  support  the  observations  of 
Hobbs  et  al.  (1975)  for  the  larger  ice  water  contents,  i.e.  p £ > 10-^ 
g m ?.  Griffith  et  al.  (1980)  observed  a modal  length  of  'u  2 x 10-^  m 
corresponding  to  ice  water  contents  in  the  range  of  0.05  to  0.15  g 
in  cirrus  anvil  clouds. 

Heymsfield  (1975a)  notes  that  the  ice  water  content  and  total  ice 
crystal  number  density  tend  to  increase  with  increasing  convective 
activity.  Furthermore,  particle  sizes  and  concentrations  were  found 
to  be  a function  of  temperature  with  sizes  decreasing  and  concentration 
increasing  with  decreasing  temperature.  To  some  degree,  this  may  be 
the  result  of  size  sorting  by  virtue  of  the  interaction  of  the  dynamics 
and  particle  terminal  velocities  with  the  cloud. 


In  summary,  the  observations  indicate  a predominant  bimodal  struc- 
ture in  the  particle  size  distribution  function  where  the  character- 
istic modal  length  of  the  large  particle  mode  tends  to  increase  with 
increasing  ice  water  content.  Though  there  is  evidence  in  the  observa- 
tions for  additional  size  modes,  only  bimodal  distributions  are  con- 
sidered here.  This  greatly  simplifies  the  following  developments.  It 
is  assumed  that  the  normalized  particle  size  distribution  function  for 
all  ice  crystals  may  be  partitioned  as : 

n*( r^ ) = W n*( r.. ) + (l-W)  n^(r±)  (3-10.3) 

y.  ^ 

where  W is  a positive  fraction  and  nG(r.)  and  nT(r.)  are  the  normalized 
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particle  size  distribution  functions  corresponding  to  a small  and  large 
particle  size  mode,  respectively. 

It  is  convenient  to  define: 


= X |n£(r.)  [(If)  m^r.)  * (l  - Wl)  m2(r.)]}  (3.10.4) 


and 


|n^(ri)  [(WW)  m^r.,  ) u^r^)  + (l  - WW)  V2^Ti^ 

(3-10.5) 

for  k = S or  L.  These  quantities  correspond  to  a normalized  ice  water 
specific  humidity  and  a normalized  effective  ice  water  fall  speed, 
respectively,  for  both  the  small  (k=S)  and  large  (k=L)  modal  normalized 
particle  size  distributions  for  the  assumed  partition  of  particle  habit. 


0) 


Equations  ( 3-10.1 )-( 3.10.5 ) may  now  be  combined  to  yield: 


w u*  £*  + (1-W)  V * £* 
W Z*  + (1-W)  L* 


(3.10.6) 


Thus,  it  remains  only  to  specify  W in  order  that  the  magnitude  .of  v*  may 
be  determined  for  any  assumed  forms  of  ng(ri)  and  nL(r^)  given  WW. 

Heymsfield  (1977)  gives  the  following  relationship  between  the 
mean  characteristic  length  of  ice  crystals  longer  than  10-^  m and  the 
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corresponding  observed  total  ice  water  content,  which  was  deduced  from 
observations  in  numerous  types  of  stratiform  ice  clouds : 


r = 69 8 + 366  Log(pL)  + 122  Log2(p&)  + 13.6  Log^(p£)  (3.10.7) 

where  pH  has  dimensions  g m and  r has  dimensions  10-D  m.  This  rela- 
tionship is  plotted  in  Figure  9.  Note  that  this  empirical  relation 
was  derived  from  observations  where  p£  was  not  less  than  10-^  g jn-^ 
However,  the  behavior  of  the  empirical  fit  at  smaller  values  of  p£  is 
not  unreasonable  and  is  adopted  here . 

This  same  parameter  may  be  computed  for  any  assumed  particle  size 
distribution . Let : 


and 


N, 


I'  * 

E nh(ri) 
i=100 


(3.10.8) 


N, 


1 # 

E n,  ( r.  ) 

i=100  * 1 


r. 

1 


(3.10.9) 


~7  0 


Figure  9.  Empirical  relationship  between  the  observed  ice  water  content, 
pi,  and  the  mean  characteristic  length  of  ice  crystals  whose 
characteristic  length  is  greater  than  10“ 4 m (after  Heymsfield, 
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for  k = S or  L.  Thus,  and  r^.  are  the  fraction  of  the  total  number 
of  particles  in  the  small  or  large  particle  size  distribution  with  a 
length  greater  than  10  ^ m and  the  mean  length  of  those  particles, 
respectively.  In  a manner  similar  to  the  derivation  of  Eq.  (3.10.6), 

W N*  rg  + (1-W)  N*  r* 

X = 

W N*  + (1-W)  N* 

which  may  be  rearranged  to  yield: 

* , _ _ . 

N (r  - r) 

W = — . (3.10.10) 

Ns  (r  - rs)  + Nl  (rL  - r) 

% 

Thus,  given  the  previous  assumptions  and  empirical  relations,  v may 
be  confuted  as  a function  of  ice  water  content  for  any  assumed  func- 

^ ft 

tional  forms  of  nQ(r.  ) and  nT(r.).  Note  that  solutions  for  v (pit)  may 
o I LI 

only  be  obtained  when: 


rs  < r < r.  . (3.10.11) 

Following  from  Deirmendjian  (1969)  and  Mason  (1971),  a normalized 
monomodal-  particle  size  distribution  function  may  be  represented  by  a 
modified  gamma  function  distribution.  Welch  et  al.  (i960)  note  that  a 
normalized  bi-modal  size  distribution  function  may  be  represented  by  a 
superposition  of  two  modified  gamma  function  distributions  correspond- 
ing to  a large  particle  mode  and  a small  particle  mode.  This  approach 
is  adopted  here.  Thus, 


where 


a,  y, 

r.  exp(-  b,  r.  ; 
1 ^ k 1 


a,  -y, 
kx  'k 


bk  - (yk}  rk 


and 


-i.  -K+1)/\  ^v1 


Yk  bk 


r(— — ) (3.10.12) 


for  k = S or  L.  Note  that  r.  and  rn  have  dimensions  of  10  ^ m when 

i k 

evaluating  n^r^),  which  has  dimensions  (10  m interval)-  . The 
specified  modal  characteristic  crystal  length  is  r^  and  a^.  and  y^  are 
tuneable  shape  parameters  for  a distribution.  For  convenience. 


K * x) 


m , 


where  m is  a positive  integer',  is  required  such  that: 


\_+ 
Y 


= (m-l)! 


A single  small  particle  mode  normalized  particle  size  distribution 
function  was  assumed  for  all  the  computations  reported  here.  The  modal 
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length  was  specified  as  10  m.  The  assumed  distribution  parameters 
and  the  resulting  computed  parameters  are  given  in  Table  3.  This  fune- 

tion,  nc(r. ),  is  plotted  in  Figure  10- . Note  that  the  computations  were 
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made  for  A = 10  m and  then  summed  to  the  (1.5  x 10  m interval) 

shown.  The  shape  of  this  distribution  function  agrees  reasonably  with 


k 

s 

L 

0 

rk  (pm) 

10 

200 

300 

500 

9 

“k 

2 

2 

2 

2 

5 

Yk 

0.5 

1.5 

1.0 

0.75 

1.5 

1.0 

0.75 

1.5 

1.0 

0.75 

1.0 

?k 

0.126 

0.264 

0.319 

0.386 

0.381 

0.462 

0.558 

0.625 

0.755 

0.911 

— 

WW  1 

0.130 

0.672 

0.852 

1.049 

0.869 

1.066 

1.292 

1.143 

1.380 

1.644 

(m  s" 

'■L)  WW  5 

0.069 

0.586 

0.749 

0.937 

0.785 

0.972 

1.196 

1.068 

1.303 

1.571 

0.009 

WW  0 

0.065 

0.529 

0.645 

0.764 

0.692 

0.812 

0.944 

0.906 

1.047 

1.205 

Table  3.  Shape  parameters  (a^  and  yk),  mean  large  particle  characteristic  length  (r^)  and  effective 
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relative  fall  speed  (u^.)  for  various  monomodal  particle  size  distributions  with  modal 
characteristic  length  r^  for  ice  crystals  (k  = S or  L)  and  liquid  water  drops  (k  = 0). 

See  text  for  definitions  and  discussion. 


those  observed  by  Heymsfield  ( 1975a),  Varley  (1978)  and  Varley  and 

Brooks  (1978)  for  the  smallest  particle  sizes, 

A number  of  distributions  were  tried  for  the  large  particle  mode. 

Modal  lengths  of  2 x 10  ^ m;  3 x 10  ^ m and  5 x 10  ^ m were  used.  The 

assumed  shape  parameters  and  the  resulting  computed  parameters  r,  and 
* 

v defined  previously,  are  given  in  Table  3.  The  corresponding 

normalized  particle  size  distribution  functions  are  plotted  in  Figure 

10.  Note  that  for  a given  r^  and  a^,  the  effect  of  decreasing  yL  is  to 

broaden  the  distribution  which  increases  the  magnitude  of  the  computed 

values  of  r^  and  v^.  Also,  all  things  being  equal,  the  more  the  parti- 

% 

cle  habit  is  dominated  by  bullet  rosettes,  the  larger  the  computed  v . 

Li 

The  exceptions  to  this  are  for  the  small  particle  distribution  and  the 
narrowest  distribution  for  r = 2 x 10-^  m.  The  shape  of  these  large 
particle  distributions  span  the  range  of  observations  discussed  pre- 
viously. For  example,  the  shape  of  the  5 x 10-^  m large  particle  mode 
observed  by  Heymsfield  ( 1975a)  in  a cirrus  uncinus  cloud  lies  between 
the  yl  = 1.0  and  y^  = 1.5  curves  for  rL  = 5 x 10-^  m and  r > 6 x 10-^  m. 
His  distribution  is  somewhat  more  peaked  right  at  r = 5 x 10-^  m but 
the  disagreement  is  comparable  " the  uncertainty  of  the  observations 
themselves. 

% 

Computations  of  v (pit)  by  means  of  Equations  (3-10.6)  and 

(3.10.10)  were  performed  for  each  of  the  assumed  nT(r.)  functions 

Li  1 

X 

utilizing  the  assumed  n (r. ) function  and  the  given  empirical  relations 

si 

for  m.(r.  ),  y,(r.  ) and  r(p&)  for  VIW  = 0,  0.5  and  1.0.  The  results  are 
J J -L 

graphically  displayed  in  Figures  11,  12  and  13,  respectively.  In  addi- 
tion to  the  constraint  given  by  Eq.  (3.10.11),  the  computations  were 
terminated  if  W < 0.80  was  encountered.  This  condition  was  imposed 
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Figure  11.  Magnitude  of  the  effective  ice  water  terminal  velocity 'v  versus 
ice  water  content,  p£,  for  various  particle  size  distribution 
functions  assuming  all  particles  are  bullet  rosettes.  See  text 
for  definitions  and  discussion. 
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Figure  13.  Same  as  Figure  11,  except  assuming  all  particles  are  single  col- 
umns. 


based  on  analysis  of  the  previously  noted  observations  of  n(r)  and 
determines  the  maximum  value  of  p 1 for  which  a solution  may  be  obtained 
for  any  assumed  n£(  ^ ) . Note  that  solutions  when  rL  = 3 x 10"^  m and 
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5 x 10  m for  p 1 < 10  and  10  g m , respectively,  have  not  been 
displayed  since  the  observations  indicate  that  these  modes  are  unlikely 
at  these  values  of  pi. 

For  each  assumed  large  particle  distribution,  the  contribution  of 
the  large  particles  dominates  v*  once  pi  exceeds  10-^  to  10-^ 

Thus,  the  magnitude  of  v increases  rapidly  at  small  values  of  pi  and 
becomes  nearly  constant  for  moderate  to  large  values.  This  is  most 
evident  for  the  case  where  all  particles  are  assumed  to  be  bullet 
rosettes  (WW  = 0.0 ).  It  is  of  note  that  the  assumed  form  of  n£(r.)  be- 
comes much  more  critical  when  the  particle  habit  is  predominatly  bullet 
rosettes  as  compared  to  columns. 

Based  on  the  limited  observations  available,  it  seems  reasonable 
to  increase  the  large  particle  modal  characteristic  length  and  to 
broaden  the  large  particle  mode  size  distribution  function  as  pi  in- 
creases. Somewhat  arbitrarily,  the  circled  points  in  Figures  11,12  and 
13  are  assumed  to  be  representative.  The  assumed  distribution  func- 
tions at  these  values  of  pi  do  roughly  correspond  to  the  previously 
noted  observations.  They  are  then  connected  as  in  Figure  14  to  yield 
three  basic  parameterizations,  i.e.  WW0,  TO5  and  WW1  corresponding  to 
TO  = 0,  0.5  and  1.0,  respectively.  Effectively,  r^  and  y are  allowed 
to  increase  in  a somewhat  continuous  fashion  between  the  circled  points, 
where  specific  solutions  are  assumed.  The  scenario  assumed  here  may  be 
summarized  as: 
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P grrr3) 


Magnitude  of  the  effective  ice  water  terminal  velocity  v versus 
ice  water  content,  p£,  for  realistic  scenarios  describing  the 
evolution  of  number  density  size  distribution  function.  The 
curves  correspond  to  a particle  habit  assumption  of  all  bullet 
rosettes  (WV/0),  equipartition  of  bullet  rosettes  and  columns 
( 17175 ) , all  single  columns  (VAVl)  and  a realistic  evolution  of 
the  all  columns  assumption  to  the  equipartition  assumption 
(VA715 ).  See  text  for  definition  and  discussion. 
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(1)  For  p£  < 3 x 10  g m , only  the  small  particle  size  mode 
exists. 

”3  3 3 

(2)  For  3 x 10  g.'ffi  < pil  < 10  g;m  , a large  particle  size 

mode  with  a modal  length  of  2 x 10“^  m is  also  present.  This  mode 

broadens  with  increasing  pil  to  where  at  pil  = 4 x 10-6g  to  10-5 
""3  —33  33 

gm  , 5 x 10  gm  and  10  g m the  normalized  particle  size  dis- 
tribution function  for  the  large  particle  mode  is  given  by  y = 1.5, 

1.0  and  0.75,  respectively. 

(3)  At  larger  values  of  pil,  the  large  particle  modal  character- 
istic length  increases  to  where  at  pil  = 2 x 10-^g  m-^,  rT  = 3 x 10-^  m 
311(1  Tl  = 1-0.  This  is  a relatively  broad  size  distribution.  By  the 
time  pi,  = 0.2,  the  modal  characteristic  length  is  5 x 10-^  m and  y = 
1.5. 

(4)  At  even  larger  values  of  pil,  the  large  particle  size  mode 
broadens  to  where  at  pil  = 0.5  g.m-^  and  1.0  g m“^,  y = 1.0  and  0.75, 

1j 

respectively,  for  the  large  particle  mode  at  r = 5 x 10-^  m. 

Li 

This  scenario  agrees  reasonably  with  the  observations  noted  pre- 
viously. However,  recalling  the  observations  of  Heymsfield  (1977)  as 
regards  the  intensity  of  convective  • ctivity  and  the  -observed  magni- 
tude of  pil  and  the  numerous  observations  of  the  relationship  between 
the  intensity  of  convective  activity  and  the  predominance  of  particular 
particle  habits,  it  seems  likely  that  the  WW1  parameterization  is  most 
applicable  at  relatively  small  values  of  pil  and  that  the  WW5  or  WW0 
parameterizations  are  more  appropriate  at  larger  values  of  pil.  Thus, 
a fourth  parameterization,  i.e.  WW15,  is  proposed,  where  for  pil  < 

-3  _ o 

5 x 10  g m , the  WW1  scheme  is  employed  and  for  pil  > 5 x 10  g m , 
the  WW5  scheme  is  used.  Intermediate  between  .these  values  of  pi,,  the 


bullet  rosette  crystal  habit  beomes  increasingly  more  common  as  p£  in- 
creases.  The  assumed  dependence  of  v ( p£ ) in  this  region  is  given  by 
the  dashed  curve  in  Figure  14.  The  WW15  parameterization  seems  to  be 
the  most  reasonable  based  on  the  observations. 

It  should  be  noted  that  the  assumed  total  ice  crystal  number  den- 
sity N(p£)  corresponding  to  the  above  parameterizations  is  realistic. 
Comparison  with  the  limited  observations  available  yields  disagree- 
ments on  the  order  of  one  order  of  magnitude  in  total  particle  number 
within  a cubic  meter  in  most  cases.  This  is  comparable  to  the  un- 
certainty in  the  observations  themselves . 

For  model  simulations,  it  is  most  efficient  computationally  to 
% 

evaluate  v (p&)  by  means  of  look-up  tables.  The  advantage  of  this 

% 

method  over  a more  direct  technique  where  v is  evaluated  by  means  of 

* . 

some  functional  fit  may  be  seen  in  that  in  all  cases  v is  at  least 
cubic  in  Log(p£).  Evaluation  of  logrithms  is  very  inefficient  com- 
putationally. The  tabular  representation  of  |b*(p&)|  for  the  V/W15 
parameterization  is  given  in  Appendix  C.  Note  that  only  one  signifi- 
cant  digit  of  pS,  is  resolved  and  v is  specified  as  the  value  corre- 
sponding to  the  center  of  the  p/.  interval.  Given  the  uncertainties 
and  approximations  involved  in  developing  the  parameterization,  this 
resolution  is  deemed  adequate. 

Based  on  analyses  of  the  results  of  Heyms field! s (1972)  computa- 
tions of  the  terminal  velocity  of  ice  crystals  and  the  measurements  of 
Beard  and  Pruppacher  (1969)  for  the  terminal  velocity  of  liquid  water 
drops  in  various  ambient  environments,  a correction  for  variations  in 
the  ambient  pressure  and  temperature  which  yields  good  agreement  with 
their  results  for  typical  atmospheric  conditions  is  given  by: 


v .(r.  ) 
J i 


f^ref  ^ ( \ 


ref 


(3.10.13) 


where  p is  the  ambient  pressure  and  p ^ is  the  ambient  pressure  to 

which  their  observations  or  computations  pertain.  This  correction 

yields  better  agreement  than  the  (Pref/p)2  correction  factor  they 

propose.  Noting  Equations  (3.10.5)  and  (3.10.6),  this  correction  may 

% 

be  applied  directly  to  v . For  the  parameter! zat ions  developed  here, 
Pre£  = 40  kPa.  The  ambient  pressure  and  density  are  approximated  as 
the  basic  state  values.  Thus, 
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(3.10.14) 


for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2,  ...,  k-2,  k-1,  which  denote 

*, 


is  determined  from  the 


the  grid  location,  where  b (p  Z.  x t ) 

1 °k+h  1 

table  given  in  Appendix  C . Note  that  since  the  basic  state  pressure 

is  employed  for  the  pressure  correction,  the  correction  factor  need 

only  be  computed  once  for  each  grid  level.  Note  that  the  downward  dir- 
% 

ection  of  v is  accounted  for  by  the  rinus  sign  in  Equation (3. 10. 14.). 

Mason  (1971)  provides  a summary  of  observations  by  various  authors 
of  the  microphysical  properties  of  liquid  phase  stratiform  clouds  at 
mid- tropospheric  levels.  The  observations  indicate  that  these  cloud 
forms  have  predominantly  monomodal  drop  size  distributions  and  are 
composed  almost  exclusively  of  relatively  small  drops.  The  observed 
distributions  are  well  reproduced  by  the  shape  parameters  given  in 
Table  3,  i.e.  k = 0.  Beard  and  Pruppacher  (1969)  give  mass  and  ter- 
minal velocity  relationships  for  water  drops  as  a function  of 


i.  > 


characteristic  drop  diameter  for  an  ambient  air  pressure  of  50  kPa  and 

a temperature  of  -8°C.  These  allow  the  computation  of  the  v*  corres- 

o 

ponding  to  normalized  drop  size  distribution  function  defined  by  the 
shape  parameters  given  in  Table  3.  The  resulting  v * is  given  in  Table 
3.  This  value,  corrected  for  ambient  pressure  as  for  the  WW15  ice 
phase  parameterization  and  multiplied  by  minus  one,  is  employed  for 
liquid  phase  simulations. 

3.11  Determination  of  Radiative  Heating  Rates 

This  section  describes  the  manner  of  specifying  the  radiative 
heating  rates,  QR,  at  all  thermodynamic  grid  points  at  a given  time 

step  n.  These  heating  rates  are  incorporated  in  the  model  as  described 
in  Section  (3.7). 

The  radiative  heating  rates  are  partitioned  into  two  components. 
These  are  the  infrared  component,  QIR,  and  the  shortwave  or  solar, 

QSW,  component,  which  pertain  to  radiative  processes  acting  in  the 
spectral  intervals  of  3.0  pm  to  50  pm  and  0.3  pm  to  3.0  pm,  respec- 
tively. Two  radiative  transfer  models  are  utilized  for  some  of  the 
computations.  These  are,  hereafter  referred  to  as  IRADIR  and  IRADSW 
and.  pertain  to  the  infrared  and  shortwave  spectral  regions,  respec- 
tively. These  models  are  briefly  described  below. 

IRADIR  is  a broadband,  infrared,  flux  emittance  radiative  transfer 
model  and  closely  corresponds  to  that  reported  by  Cox  (1973).  The 
radiative  transfer  equation  is  solved  in  finite  difference  form  at  the 
vertical  resolution  of  the  input  data  assuming  a horizontally  homo- 
geneous atmosphere  and  isotropic  diffuse  fluxes.  Isothermal  conditions 
are  assumed  for  each  atmospheric  layer  resolved  by  the  input  data  at 


the  linearly  interpolated  mid-point  tenperature . Perfect  Plahkian 
emission  from  the  earth's  surface  is,  also,  assumed.  The  model  accounts 
for  the  contributions  due  to  gaseous  absorption  by  the  6.3  pm,  con- 
tinuum and  rotational  water  vapor  absorption  bands;  the  carbon  dioxide 
absorption  bands  (including  primarily  the  14.7  pm  band);  and  the  9.6  pm 
ozone  absorption  band.  A correction  for  the  overlap  of  the  rotational 
water  vapor  band  and  the  carbon  dioxide  bands  is  applied.  The  effect 
of  pressure  and  temperature  broadening  of  an  absorption  band  is  taken 
into  account  in  parametric  fashion.  The  parametric  formulation  as  well 
as  the  sources  of  the  gaseous  emittance  data  for  each  band  considered 
are  given  in  Cox,  et  al . ( 1976 ) . 

The  input  data  for  IRADIR  are  the  atmospheric  vertical  profiles 
of  pressure,  temperature,  water  vapor  specific  humidity,  carbon  dioxide 
mixing  ratio  and  ozone  concentration.  These  profiles  must  include  both 
the  regions  above  and  below  the  vertical  domain  of  interest  here  (in- 
cluding surface  values).  Within  the  domain  of  interest,  the  input  data 
are  specified  at  all  dynamic  grid  levels  such  that  the  computed  flux 
convergence  profiles  are  well  defined  for  the  thermodynamic  grid  levels. 
In  addition,  a cloud  layer  may  be  defined.  For  the  IRADIR  model,  clouds 
are  assumed  to  act  as  grey  body  absorbers/emitters,  i.e.  no  spectral 
dependence . Both  an  upward  e ( t ) and  a downward  e ( 1 ) bulk  effective 
broadband  infrared  cloud  emittance  are  specified  as  input  data,  in 
addition,  to  the  cloud  top  and  base  levels.  A correction  for  the  over- 
lap of  the  gaseous  absorption  bands  and  cloud  absorption  for  the  cloud 
layer  is  applied  as  in  Griffith,  et  al . (1980).  Note  that  for  the 
computations  performed  here  with  the  IRADIR  model,  the  in-cloud  flux 
profiles  are  confuted  as  in  Griffith,  et  al.  (1980)  such  that  the 


effective  radiating  level  is  not  the  cloud  boundary  level.  This  is  not 
particularly  significant  in  terms  of  the  heating  rates  actually  employ- 
ed in  the  model. 

The  IRADSW  model  is  a simplified,  broadband  shortwave,  flux  trans- 
mittance radiative  transfer  model  and  closely  corresponds  to  that  re- 
ported by  Manabe  and  Strickler  (1964)  and  Manabe  and  Wetherald  (1967). 
The  model  assumes  a horizontally  homogeneous  atmosphere  and  considers 
the  contributions  due  to  gaseous  absorption  by  water  vapor,  carbon 
dioxide  and  ozone.  The  absorptance  data  are  taken  from  Manabe  and 
Strickler  (1964)  and  include  a pressure  broadening  correction.  Overlap 
of  the  absorbing  bands  is  ignored.  A conservative  Rayleigh  scattering 

parameterization  is  included.  The  solar  constant  is  specified  as  1372 
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W m and  is  corrected  for  sun-earth  geometry.  Atmospheric  vertical 
profiles  of  temperature,  etc.  must  be  specified  as  for  the  IRADIR 
model.  In  addition,  the  date  and  solar  zenith  angle, 1^,  must,  also,  be 
specified  as  input  data.  The  surface  shortwave  albedo  is  specified  as 
zero  since  at  typical  cirriform  cloud  levels  the  absorption  of  solar 
radiation  reflected  from  the  earth's  surface  is  negligible.  A cloud 
layer  may,  also,  be  defined  where  IR.1DSW  is  applied  to  compute  the  up- 
ward flux  profiles  above  cloud  top  due  to  reflection  of  downward  short- 
wave radiation  by  the  cloud  layer.  In  addition  to  the  cloud  top  level, 
the  bulk,  broadband  cloud  shortwave  reflectance  must  be  specified.  For 
the  IRADSW  model,  clouds  are  assumed  to  act  as  "grey"  body  reflectors, 
where  the  reflected  shortwave  fluxes  are  assumed  diffuse  and  isotropic. 
For  the  computation  of  the  gaseous  optical  paths,  the  cloud  top  level 
is  regarded  as  a mirrored  surface. 


In  the  parameterization  developed  here,  the  effects  due  to  the 
perturbations  of  temperature,  pressure  and  water  vapor  mixing  ratio 
from  their  basic  state  values  are  ignored.  Errors  due  to  this  assump- 
tion for  typical  perturbations  simulated  here  are  relatively  small, 
(Starr,  1976).  In  addition,  the  determination  of  the  QSW  profile  for 
any  grid  column  is  assumed  independent  of  the  determination  in  the  adja- 
cent columns . This  is  done  since  the  azimuthal  orientation  of  the  grid 
plane  relative  to  the  sun's  position  is  unknown.  In  effect,  a grid 
column  is  assumed  representative  of  conditions  along  the  solar  azimuth. 
Furthermore,  effects  due  to  the  finite  geometry  of  cloud  elements  (e.g. 
Welch  et  al.  1980  and  Davis,  et  al.  1978)  are  ignored  for  both  the  in- 
frared and  shortwave  schemes. 

The  output  of  the  IRADIR  and  IRADSW  models  are  the  upward  and 
downward  irradiance  profiles  at  the  vertical  resolution  of  the  input 
data.  The  corresponding  atmospheric  radiative  heating  rates  for  a 
layer  may  be  determined  as: 


QR  = QIR  + QSW 


where 
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H is  the  infrared  flux  in  the  upward  ( t ) or  downward  ( 1 ) directions  at 
the  top  T or  base  B of  the  layer. 


QSW 


(*) 


QSW 


(t) 


QSW 


> 


(3.11.3) 


> 


(3.11.4) 


(+)  T (+)) 

3 ~ V j 

( Pg  “ Pip ) 


(3.11.5) 


I is  the  shortwave  flux  in  the  direction  and  at  the  level  indicated, 

and  p is  the  pressure  at  the  top  or  base  of  the  layer.  The  pressure 

values  are  always  specified  as  the  basic  state  values.  Note  that  the 

heating  due  to  absorption  of  solar  energy  is  partitioned  into  that 

resulting  from  absorption  of  downward  and  upward  propagating  fluxes, 

(t) 

QSW  is  neglected  except  for  the  layers  above  cloud  top,  when  a 
cloud  is  diagnosed  in  a particular  grid  column. 

The  parametric  scheme  described  in  the  next  sub-sections  allows 

(X)  ('*'} 

the  determination  of  QIR,  QSW  and  QSW  at  every  thermodynamic 
grid  point  (i.e.  (i+%,k+%)  for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2, 

• ..,  K-2,  K-l)  and  a given  time  step  n. 

A cloud  is  diagnosed  in  the  i+%  thermodynamic  grid  column  if: 


^i+Js,k+%  ^ 


0 


for  k-l,  2,  ...,  K-2,  or  K-l.  The  grid  level  corresponding  to  cloud 
top  level  is  diagnosed  as: 


kr 


(3.11.6) 


where 
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and 
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for  k = k',  k'+l,  . ..,  K-2,  K-l.  Similarly,  the  cloud  base  grid  level 
is  diagnosed  as: 


where 
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for  k = 1,  2,  k'-2,  k'-l. 
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The  solar  zenith  angle  dn 
be  determined  at  time  step  n. 


and  the  local  sun  time  tQAT  must  also 

oUL 

The  local  sun  time  is  specified  as: 
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where  tg^  is  the  externally  specified  solar  time  corresponding  to  the 
initiation  of  a simulation  and  At  is  the  time  step  increment.  The  hour 
angle  of  the  sun  may  be  computed  as: 
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(3.11.9) 


where  tg^  is  expressed  as  the  fraction  of  a day  past  local  midnight. 

No  distinction  between  morning  and  afternoon  is  necessary  for  the  pur- 
poses here.  The  specification  of  the  simulation  latitude,  <j>,  allows 
the  computation  of  the  solar  zenith  angle  at  time  step  n as: 

■ t?n  = cos  1 jsincf)  Sind  + cos<f>  cosd  cos  hnj  (3.11.10) 

where  the  solar  declination,  6,  is  approximated  as: 

6 ~ - 0.1306  7T  cos  (Jrj  (JD  + 9))  (3.11.11) 

for  a given  Julian  day  number  (day  of  year),  JD.  The  sunrise  time  of 
a simulation  for  a given  Julian  day  and  latitude  is  given  by: 


SR  = o.5  -(4-)  cos'1  IS}  (3.H.12) 

where  SR  is  expressed  as  the  fraction  of  one  day  past  local  midnight. 


Now,  if: 
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The  next  sub-section  describes  the  manner  of  diagnosing  the  bulk 
radiative  properties  of  a cloud  layer  which  is  diagnosed  in  a given 
grid  column  at  time  step  n.  The  parameterization  is  highly  empirical. 

■)f  -X- 

The  infrared  radiative  properties  are  e (t)  and  e (+),  which  will  be 
defined  in  the  following  sub-section.  The  bulk  shortwave  properties  are 
the  broadband  shortwave  reflectance,  transmittance  and  absorptance  de- 
fined as : 
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respectively.  The  succeeding  two  sub-sections  describe  the  scheme  to 
determine  QIR  and  QSW,  respectively.  It  is  of  note  that  the  radiative 
heating  rates  in  the  model  domain  are  modulated  primarily  by  the  diag- 
nosis of  cloud  and  its  corresponding  radiative  properties.  These 
determinations  are  made  for  every  grid  column.  A diurnal  cycle  is 
taken  into  account  and,  thus,  is  a secondary  modulator  of  the  diagnosed 
radiative  heating  rates . The  determinations  of  the  radiative  heating 
rates  in  cloudy  columns  are  not  only  sensitive  to  the  diagnosis  of  the 
bulk  cloud  radiative  properties  and  the  diurnal  cycle  but  also  to  the 
vertical  distribution  of  ice  water  in  that  column. 


3.11. a.  Parameterization  of  the  Bulk  Radiative  Properties 
of  Cloud  Layers  _ ' 

A general  relationship  between  the  vertically  integrated  ice  wav.-.-, 
content  (IWP)  of  a cloud  layer  and  the  corresponding  broadband  infrared 
emittance  (e)  and  reflectance  (Pj^)  of  that  cloud  layer  is  desired. 

That  such  a relationship  exists  for  natural  cirriform  clouds  is  un- 
certain. Most  theoretical  work  in  this  area  has  concentrated  on  de- 
ducing the  functional  relationship  between  cloud  optical  depth  and  tb  ; 
corresponding  e and  for  various  model  clouds.  The  optical  depth 
of  a cloud  layer  is  related  to  the  IWP  through  the  extinction  coeffi- 
cient which  in  turn  is  determined  by  the  microphysical  characteristic,; 
of  the  cloud.  It  is  fundamentally  the  relationship  between  ice  water 
content  and  the  corresponding  microphysical  characteristics  of  natura 
cirriform  clouds  which  is  unknown . However,  as  discussed  in  Section 
(3.10),  observations  indicate  that  some  general  relationship  between 
the  ice  water  content  and  the  corresponding  microphysical  character- 
istics does  exist  for  natural  cirriform  clouds.  Thus,  it  is  likely 
that  some  general  relationship  between  e and  and  the  IWP  may  exist. 
The  approach  adopted  here  is  to. develop  such  a relationship,  which  is 
based  on  direct  observations. 

Following  from  Cox  ( 1976 ) , Stephens  ( 1980 ) and  others , the  bulk  ■ 

infrared  radiative  properties  of  a cloud  layer  may  be  described  by  tv  0 

% ¥: 

effective  broadband  infrared  emittances,  e (f ) and  e (4-),  which  pertain 
to  the  upward  and  downward  propagating  fluxes,  respectively.  These 
parameters  account  for  effects  due  to  both  the  broadband  infrared 
emittance  and  reflectance  of  the  cloud.  The  utility  of  this  approach 
is  that  these  parameters  may  be  readily  deduced  from  observations  of 


the  infrared  fluxes,  without  distinguishing  between  the  transmitted/ 
emitted  and  reflected  components.  They  are  defined  as: 

e (+)  = 7 i 

HKB^  " aTKT 

and  3-11-15 ) 

e*(+)  = ~ ^ 2 • 
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where  a is  the  Stephan-Boltzmann  constant;  H is  the  broadband  infrared 
flux  propagating  in  the  upward  (t)  or  downward  ( 4- ) direction  at  cloud 
top  (KT)  or  cloud  base  (KB)  and  T is  the  temperature  of  the  level  in- 
dicated. ' 

Assuming  uniform  microphysical  conditions  in  the  cloud  layer,  the 
effective  emittances  are  related  to  the  emittance  as:  1 
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where  cloud  top  and  cloud  base  tenqperature  are  assumed  representative 
of  the  true  effective  radiative  temperature  of  the  emergent  emitted 
fluxes  at  the  respective  cloud  boundaries. 


Yamamoto,  et  al . (1970)  and  Stephens  (1980)  have  shown  that  pTD  is 

IR 

a relatively  small  quantity,  i.e.  ^ 0.03  to  0.06  for  .cirriform  clouds. 

However,  the  resultant  effect  on  the  infrared  radiative  divergence  of  a 

cloud  layer  may  be  substantial  due  to  the  magnitude  ( conpared  to  aT^ 

(cloud))  and  spectral  composition  of  the  incident  fluxes  which  may 

% 

alter  both  and  e when  considering  fluxes  propagating  in  a given 

% -X- 

direction.  Thus,  the  differences  between  e (t)  and  e (4)  and  e are 
significant  in  terms  of  the  radiative  heating  rate,  which  is  the  pri- 
mary concern  here . 

Following  from  Paltridge  (1974),  Griffith,  et_  al . (1980)  and 
others,  infrared  radiative  flux  profiles  in  cirriform  cloud  layers  may 
be  represented  by  the  corresponding  effective  emittance  profiles  for 
the  upward  or  downward  (f  or  4-)  propagating  fluxes  as: 

e*(z)  (4,4)  = 1 - exp  (-  8(4,4)  IWP(z)  (4,4)) 

where 

( ZKT>Z) 

IWP(z)  (4,4)  = . f p(z')  £(z'  ) dz' 

(z,z->:3) 

and  8(4)  and  6(4-)  are  effective  mass  absorption  coefficients  for  the 
upward  and  downward  propagating  infrared  fluxes.  Thus,  the  bulk  cloud 
layer  effective  emittanees  are: 

e*(4)  = 1 - exp  (-  8(4)  IWP) 

and  e*(4-)  = 1 - exp  ( - 8(4  ) IWP)  (3.11.16) 


where 


ZKT 

IWP  = j'  p(z')  S-(z')  dz'. 

SKB 

Theoretically,  a mass  absorption  coefficient  can  be  expressed  as  the 
ratio  of  the  absorption  cross  section  to  the  ice  water  content  of  the 
corresponding  particle  size  distribution  (Paltridge,  1974).  Thus, 

3(f)  and  8(f)  may  be  expected  to  have  a vertical  dependence  based  on 
the  vertical  structure  of  ice  water  content  and  particle  size  distribu- 
tions. However,  Griffith,  et  al.  (1980)  and  Paltridge  and  Platt  (1980) 
have  shown  that  observations  of  infrared  radiative  flux  profiles  in 
cirrus  cloud  layers  may  be  accurately  reproduced  by  a proper  choice  of 
effective  mass  absorption  coefficients,  which  are  independent  of  height. 
The  simplicity  of  this  approach  and  its  apparent  representativeness  of 
conditions  in  natural  cirriform  clouds  are  ideal  for  development  of  a 
parametric  scheme.  Thus,  it  is  assumed  here  that  8(f)  and  8(f)  are 
independent  of  location  within  a cloud. 

Paltridge  and  Platt  (1980.)  reported  that  a value  of  8 = 0.056 
2-1 

m g reproduces  their  observations  sf  infrared  radiative  flux  pro- 
files in  cirrostratus  cloud  layers.  No  distinction  between  8(f)  and 
8(f)  was  attempted.  The  observations  were  made  at  35°N  latitude  in 
March  and  included  microphysical  parameters  as  well  as  the  radiative 

fluxes.  The  scatter  of  the  data  is  significant.  An  envelope  of  8 = 

2 -1 

0.03  to  0.07  m g encompasses  the  observations.  Part  of  this  scatter 
may  be  attributed  to  sampling  problems  associated  with  horizontal  in- 
homogeneities in  the  cloud  layers.  It  is  of  note  that  the  deduced 
values  of  8 are  highly  sensitive  to  the  reduction  of  the  microphysical 


data.  There  are  a number  of  uncertainties  in  the  interpretation  of 
the  data  for  the  particle  size  ranges  sampled  and  more  significantly  in 
the  manner  of  estimating,  by  means  of  extrapolation,  the  contribution 
of  larger  ice  particles  to  the  total  ice  water  content  (Griffith,  et  al. 
1980).  Using  very  similar  instrumentation  and  data  reduction  proce- 
dures, Griffith,  ,,  et  al.  (1980)  found  that  a mean  value  of  8(4)  = 0.06 
-2  -1 

m g accurately  reproduced  their  observed  downward  infrared  radiative 
flux  profiles  in  tropical  cirrif orm  clouds . Note  that  a correction  for 
gaseous  absorption  was  applied  to  the  data  and,  thus,  the  bulk  value  of 
8(4 ),  as  in  Paltridge  and  Platt  (1980),  should  be  slightly  larger  than 
this  value.  Again,  significant  scatter  of  the  data  was  observed.  They 
note  that  this  estimate  of  6(4- ) may  be  as  much  as  40$  too  small  de- 
pending on  the  manner  of  estimating  the  corresponding  ice  water  content. 
However,  based  on  the  observations  of  large  particle  size  distributions 
discussed  in  Section  3-10,  the  method  employed  by  Paltridge  and  Platt 
(1980)  and  Griffith,  et_  al.  (1980)  to  deduce  the  above  values  is  very 
reasonable . 

Griffith,  et_  al . (1980)  note  that  the  relative  vertical  distribu- 
tion of  radiative  heating,  is  le.:s  sensitive  to  the  choice  of  8(4)  and 
8(4)  than  the  flux  profiles  themselves.  However,  the  net  infrared 
radiative  heating  of  the  cloud  layer  is  sensitive  to  the  difference 
8(4)  - 8(4).  Stephens  (1980)  notes  that  the  difference  (e*(4)  - e) 
and,  thus,  8(4)  is  relatively  insensitive  to  reasonable  seasonal  and 
geographic  variations  in  the  radiative  environment  of  high  level  clouds. 

Given  these  facts  and  the  relatively  good  agreement  of  the  observa- 
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tions,  a value  of  8(4)  = 0.050  mg  is  assumed  here.  The  rationale 
for  choosing  a seemingly  small  value  of  8(4)  will  become  more  clear  in 


the  following.  The  value  of  3(4-)  is  determined  from: 


3(4-)  = Rg  3(t ) (3.11.17) 

where  the  manner  of  specifying  is  considered  below. 

% % 

Cox  (1976)  gives  observed  mean  values  of  e (4-)  and  e (t)  as  func- 
tions of  cloud  pressure  for  mid-latitude  and  tropical  regions,  which 
were  deduced  from  numerous  nighttime  radiometersonde  flights  in  all 
seasons.  Assuming  that  some  mean  non- vapor  phase  water  path  may  be 

y.  ¥: 

associated  with  the  pair  e (4-)  and  e (+)  observed  in  the  mean  for 
clouds  at  a particular  pressure  level,  these  data  allow  the  computa- 
tion of  the  mean  ratio 


RB  = 3(4- ) / 3(4- ) 

by  means  of  Equation  (3.11.16)  as  a function  of  pressure  for  each  re- 

gion.  In  Table  Cox's  reported  mean  values  of  £ (4-)  and  e (t)  and 

the  deduced  values  of  Rg  are  given  as  functions  of  cloud  pressure. 

The  magnitude  of  the  ratio  ?„3  is  indicative  of  the  relative  impor- 

tanee  of  the  reflection  of  incident  infrared  radiation  at  cloud  top 

X -ft 

and  at  cloud  base  in  determining  the  difference  between  e (4-)  and  e (f). 
Ignoring  differences  in  the  spectral  distribution  of  radiant  energy 
between  the  incident  fluxes  at  cloud  top  and  cloud  base  and  assuming 
that  the  cloud  microphysical  properties  are  vertically  homogeneous, 
values  of  R^  greater  than  unity  may  be  loosely  interpreted  as  corre^ 
sponding  to  the  situation  where  the  incident  upward  flux  at  cloud  base 
is  larger  in  magnitude  than  the  incident  downward  flux  at  cloud  top. 


Pressure 

(kPa) 

Mid-latitude 
6*(+)  £*(+) 

R8 

e*(  + ) 

Tropical 

e*(+) 

Re 

15 

0.27 

0.17 

1.69 

25 

0.47 

0.35 

1.47 

35 

0.45 

0.41 

1.13 

0.84 

0.61 

1.95 

45 

0.64 

0.55 

1.28 

0.68 

0.54 

1.47 

55 

0 .64 

0.53 

1.35 

0.81 

0.59 

1.86 

65 

0.57 

0.50 

1.22 

0.69 

0.61 

1.24 

75 

0.48 

0.43 

1.16 

0.63 

0.60 

1.09 

85 

0.54 

0.54 

1.00 

0.69 

0.69 

1.00 

95 

0.48 

0.56 

0.80 

0.62 

0.67 

0.87 

Table  4.  Observed  mean  upward  and  downward  broadband  infrared 
effective  emittances  for  clouds  occurring  in  the  10 
kPa  thick  layer  centered  on  the  indicated  pressure 
level  (after  Cox,  1976)  and  the  corresponding  ratio 
of  the  mass  absorption  coefficients  (see  text  for 
definitions  and  discussion). 


Thus,  the  observed  mean  values  of  for  clouds  in  the  middle  and  upper 
troposphere  simply  verify  that  the  incident  upward  flux,  which  is  domi- 
nated by  the  contribution  from  the  relatively  warm  underlying  surface, 
is  larger  than  the  incident  downward  flux,  which  has  originated  in  the 
relatively  cold  atmosphere  above.  Similarly,  since  the  observed  mean 
values  of  are  larger  at  nearly  every  level  for  the  tropics  when  com- 
pared to  the  mid-latitudes,  it  may  be  concluded  that  the  differences  are 
due  more  to  differences  in  the  mean  annual  nighttime  surface  temperature 
of  these  regions  than  to  any  differences  in  the  temperature  of  the  over- 
lying  atmosphere.  The  observed  mean  values  of  R^  in  the  lower  tropos- 
phere, which  are  less  than  unity,  may  be  due  to  a number  of  factors. 

The  effective  radiating  temperature  of  the  overlying  atmosphere  is  much 
greater  for  low  level  clouds  when  compared  to  high  level  clouds.  Also, 
low  level  clouds  may  tend  to  be  associated  with  cooler  surface  tempera- 
tures, i.e.  cold  air  masses,  when  compared  to  upper  level  clouds.  This 
is  probably  most  true  for  the  mean  annual  mid-latitude  case.  It  is, 
also,  possible  that  low  level  clouds  frequently  exist  under  relatively 
warm  middle  level  clouds.  Stephens  (1978)  computed  a theoretical  value 
of  R^  of  'u  1.22  corresponding  to  the  case  of  a low  level  cloud  existing 
in  the  U.S.  Standard  Atmosphere.  This  supports  the  latter  two  explana- 
tions of  the  observed  smallness  of  RD  in  the  mean  for  low  level  clouds 

p 

in  the  mid-latitude  region. 

Since  the  theory  (Stephens,  1980)  and  the  observations  indicate 
that  R0  is  very  dependent  on  surface  temperature , both  annual  and 

p 

diurnal  cycles  of  R^  may  be  required.  However,  since  both  the  annual 
and  diurnal  cycles  of  surface  temperature  are  relatively  small  in 
amplitude  for  tropical  regions,  R^  would  not  significantly  vary  either 


seasonally  or  diumally  in  these  regions.  Thus,  the  observed  mean 
annual  nighttime  values  deduced  from  the  data  of  Cox  (1976)  are  probably 
very  representative  of  all  seasons  and  times  of  day.  The  substantial 
vertical  variation  of  observed  mean  values  of  R.  for  middle  and  high 

p 

level  clouds  in  tropical  regions  may  be  mostly  due  to  biases  in  the 
data  set  toward  situations  where  relatively  cold  ( compared  to  the  sur- 
face) underlying  cloud  layers  tended  to  be  present  when  upper  level 
clouds  were  sampled  at  some  levels,  i.e.  the  levels  where  R0  is  ob- 

p 

served  to  be  small.  Thus,  R^  - 2 is  likely  to  be  representative  of 

high  level  clouds  in  tropical  regions  when  no  underlying  clouds  are 

present.  For  mean  cloud  conditions,  a value  of  R0  - 1.6  is  appropriate 

p 

for  cloud  layers  above  50  kPa. 

For  cloud  layers  at  pressures  less  than  50  kPa,  a vertically  aver- 
aged value  of  R.  = 1.2  is  very  representative  of  mean  nighttime  condi- 

p 

tions  at  any  of  these  levels  in  the  mid-latitudes.  This  value  is  most 
representative  of  spring/fall  conditions.  Rather  arbitrarily,  a value 
of  1.4  and  1.0  are  assumed  to  be  representative  of  simmer  and  winter 
nighttime  conditions,  respectively.  These  choices  seem  reasonable  for 
mean  seasonal  conditions  given  the  comparison  to  the  tropical  case. 
During  the  daytime,  R0  would  increase  to  some  maximum  afternoon  value 

p 

due  to  the  diurnal  cycle  of  surface  temperature.  It  is  assumed  that 
the  cycle  may  be  described  by  a cosine  response  where  the  peak  value 
of  R„  occurs  at  1400  hr  local  solar  time . The  proposed  maximum  daytime 

p 

values  are  1.2,  1.4  and  1.8  for  the  winter,  spring/fall  and  summer  sea- 
sons, respectively,  in  the  mid-latitudes. 


In  summary,  based  on  the  limited  climatological  data  available 
and  noting  that  the  model  here  does  not  carry  surface  temperature  as  a 


prognostic  or  diagnostic  variable,  a reasonable  parameterization  of 


Rg,  which  should  correspond  fairly  well  to  the  mean  radiative  environ- 
ment of  upper  level  clouds  is  assumed.  Thus, 


where 


for 


and 


for 


where 


V^OL^ 


Rg(min) 


J Rg(max)  cos  (SA) 


SR  5 tsOL  5 SS 

(3.11.18) 

SS  > t>0L  » SR 


tgoL  is  "the  local  solar  time,  and  Rg(min)  and  R^(max)  are  specified  as 
in  Table  5.  Note  that  SR,  SS,  t^  and  tg^  are  expressed  as  the 
fraction  of  a day  past  midnight  local  time.  It  should  be  noted  that 
the  mid-latitude  scheme  is  most  representative  of  continental  condi- 
tions and  the  tropical  scheme  is  more  representative  of  oceanic  condi- 
tions . 


A general  relationship  between  the  bulk  broadband  shortwave  re- 
flectance (pg),  absorptance  ( a g)  and  transmittance  (tg)  and  the  IWP  of 
a cloud  layer  is  desired.  For  the  same  reasons  as  discussed  above. 


Mid-latitude 


Mid-latitude 

Rg  (min) 

6(1) 

Rd  (max) 

p 

3(  + ) 

winter 

1.0 

0.05 

1.2 

0.06 

spring/fall 

1.2 

0.06 

1.4 

0.07 

summer 

1.4 

0.07 

1.8 

0.09 

tropical 

1.6 

0.08 

— 

— 

Table  5.  Specified  values  of  the  R„  parameter  and  the 
corresponding  downward  mass  absorption  co- 
efficients B(t)  in  m^  g-l  for  B(+)  = 0.05 
m2  g-l. 


such  a relationship  may  exist.  The  approach  adopted  here  is  to  propose 
such  a relationship  based  on  theory  and  observations.  It  is  highly 
empirical . 

Reynolds  and  Vonder  Haar  (1977)  have  deduced  an  empirical  relation 

between  the  visible  albedo  (py)  and  the  effective  upward  infrared  emit- 

tance  in  the  atmospheric  window  spectral  region  (e  ( t ) ) for  cirriform 

W 

clouds  based  on  analysis  of  satellite  data  and  other  observational  and 
theoretical  studies  (e.g.  Shenk  and  Curran  (1973),  Hunt  (1973),  and 
Liou  (1973,  1974  ).  Note  that  anisotropic  effects  were  taken  into 
account  in  their  study.  Their  results  are  shown  in  Figure  15a.  This 
relation  is  well  represented  by: 

2 

p(^=60°)  = 0.505  e*(  + ) + 0.095  e*(  + ) . 

y w w 

y-  % 

Now,  e ( 1 ) is  generally  about  6%  smaller  than  e ( t ) due  to  the 
W 

spectral  distribution  of  the  emitted  infrared  fluxes  at  typical  tropo- 
spheric  temperatures  (Stephens,  1980).  However,  the  e (t ) deduced  by 

W 

Reynolds  and  Vonder  Haar  is  likely  to  be  6%  larger  than  the  actual 
% 

vertical  e^( t ) due  to  the  satellite  viewing  angles  employed.  Thus,  it 

‘ft  ft 

is  assumed  here  that  e ( + ) may  be  substituted  for  e ( t ) in  the  above 

W 

expression.  Welch  et  al.  (i960)  present  data  on  the  spectral  distribu- 
tion of  reflected  shortwave  radiant  energy  for  various  model  cirriform 
clouds  based  on  detailed  Mie  calculations  and  Monte  Carlo  simulations. 
For  their  most  realistic  model  clouds  (i.e.  C.5  bullets  and  C.5 
columns ) 


Ps  / Pv  = 0.91 


Reynolds  81  Vonder  Hoar 

x = 70° 

• i>=50°  .5-/7>m 

o 1^  = 57° 

■ Shenk  ft  Curran  .2-.4//m  ^ 23° 

* Hunt  .6^m  28° 


figure  15a.  Relationship  between  visible  cirrus  cloud  re 
flectance,  and  effective  upward  infrared 
window  emittance  (+)  reported  by  Reynolds 
and  Vonder  Haar  (1977)  based  on  observations 
and  theory. 


Lgure  15b.  Empirical  relationship  bo  tween  the  effective 

upward  broadband  infrared  cloud  emittance  £X(t) 
and  the  broadband  shortwave  reflectance  at 
a solar  zenith  angle  of  60°  adopted  for  this 
study.  See  text  for  definition  and  discussion. 


where  Pg  = 0.61  and  = 0.14  for  $=  0°.  Since  the  reflection  of 

visible  radiation  and  the  absorption  and  reflection  of  near  infrared 

shortwave  radiation  are  both  determined  to  a large  extent  by  the  number 

of  in-cloud  scatters,  which  occur  in  the  respective  spectral  regions, 

it  is  assumed  that  this  ratio  is  representative  for  all  pc  and  $. 

o 

Thus, 

2 

ps  (d  = 60°)  = 0.557  e (+)  + 0.105  e*(+)  (3.11.19) 

is  employed  here.  This  relation  is  plotted  in  Figure  15b. 

The  broadband  buLk  shortwave  reflectance  of  a given  cloud  is  a 
function  of  solar  zenith  angle.  Following  from  Stephens  (1978),  this 
functional  dependence  of  Pg  on  varies  slightly  depending  on  the  magni- 
tude of  Pg(#)  as  a function  of  cloud  optical  depth  for  low  level  liquid 
water  clouds,  (Figure  16a).  For  a given  Pg(t^  =60° ) determined  as  above 
for  a cirriform  cloud,  the  zenith  angle  dependence  of  Pg  is  assumed  to 
be  the  same  as  in  Stephens  (1978)  for  a liquid  water  cloud  of  the  same 
pg(t?=60°).  The  following  formula  reproduces  his  results  quite  well  for 
most  values  of  pg(t?=60°)  and  . 

Ps(<?)  = (0.161  + 0.117  x 10-1  t?  (3.11.20) 

+ 0.386  x 10"4  $ ^ ps(<?=60°) 

1 2 

+ (0.914  - 0.152  x 10  d)  ps(i?=60°) 

where  d is  in  degrees.  This  fit  underestimates  his  values  of  Pg(i?) 
by  about  0.05  to  0.10  at  d = 80°  given  Pg(i?=0°).  In  support  of  the 


Figure  16.  Broadband  cloud  shortwave  reflectance 
(a)  and  absorptance  ag  (b)  as  a function  of  liquid 
water  path  and  solar  zenith  angle  for  a liquid  phase 
model  cloud  determined  theoretically  by  Stephens 
(1978).  For  the  purposes  here,  the  water  path  units 
on  the  ordinate  may  be  regarded  as  arbitrary. 


iol 


assumption  of  the  representativeness  of  this  scheme  for  ice  clouds. 


the  scheme  was  applied  to  the  results  of  Platt  et  al.  ( 19 do 
simultaneous  observations  of  e (f ) and  p (d -35° ) dediced  from  :ateil:te 

W V 

data  were  reported  for  cirriform  clouds.  Equation  ( 1.11.19)  was 

% 

applied  to  their  observed  values  of  eji  1 ) to  compute  o^(v  '-'Q<J ) ond 


Equation  (3.11.20)  was  then  used  to  compute  p ^($=35°:. 


The  agreement 


'»een 


was  nearly  perfect. 

Observations  of  a<.  are  most  difficult  and,  thus.,  rev: 
widely  reported  in  the  literature.  The  primary  prob] 
observations  is  that  the  finite  character  of  natural 
significant  quantities  of  shortwave  energy  escaping  cut  -'.nt.  of 

a cloud  (Davis  et  al . 1978).  This  leads  to  problems  in  in  vc 
direct  observations  and  may  be  largely  responsible  for-  snr.-  • ' 
rather  large  values  of  a^  which  have  been  reported  (e  • 

1975).  Twoomey . ( 1976 ) notes  that  the  absorption  of  shoriwi-.v  : •’  •> 

energy  in  a cloud  has  a theoretical  limit  of  'x*  20%  gi.e  >.  the  ■ r-oc  n . 
distribution  of  the  incident  flux. 

Paltridge  and  Platt  (1980)  have  reported  concurrent  measuv  -ut.' 
of.  Pg  and  ag  for  cirrostratus  clouds.  Much  care  was  taken  to  s. 
very  horizontally  uniform  clouds.  The  measurements  vers  made  at 


solar  zenith  angle  of  35°.  They,  also,  measured  e . 


. .in — h- 


e (t)  and  transforming  the  observed  ps(#=35°)  to  p„(6  ••60e ) by  Euvaticn 


(3.11.20),  yielded  very  good  agreement  with  the  propc 


v.i  rej  c-  .ioi;.:  • :p 

between  e (1)  and  Pg(fl=60°).  The  disagreements  were  ti  c r a order 
as  the  scatter  of  the  data  originally  reported  by  ReynoJd?  . 

Vonder  Haar  (1977).  In  Figure  17,  the  concurrently  me.  sure  u of 

ag  and  Pg(®  =35°  ) are  depicted  along  with  error  bars  I.;  presenting  <0. 


.20 


Haltridge  and  Platt 


Ps  (i/  = 35°) 


Empirical  relationship  between  broadband  shortwave 
cloud  reflectance  p0  and  absorptance  an  at  a solar 
zenith  angle  of  35°°adopted  for  this  s\!udy.  Data 
points  are  from  Paltridge  and  Platt  (1980),  where 
the  estimated  uncertainty  of  these  observations  is 
indicated.  See  text  for  definition  and  discussion. 


estimate  of  the  uncertainty.  A simple  linear  fit  reproduces  their 
observations  quite  well  and  is  given  by: 


asU=35°)  = 0.283  ps(fl=35°)  . (3.11.21) 

Noting  that  Equations  (3.11.19)  and  (3.11.20)  lead  to  a maximum  value 
of  Pg(#=35°)  = 0.66  in  the  case  of  e (+)  = 1.0,  a corresponding  maximum 
value  of  ag((9=35°)  = 0.19  results.  This  is  a reasonable  value.  The 
author  notes  that  this  relationship  (i.e.  Equation  3*11.21)  is  probably 
the  most  tenuous  and  least  well  documented  of  all  the  empirical  rela- 
tionships invoked  in  this  section.  However,  is  is  employed  in  lieu  of 
better  information. 

^ ' 

In  a manner  similar  to  that  employed  to  deduce  pg(i?)  given 
pg(i?=60°),  the  results  of  Stephens  (1978)  (see  Figure  14b, ) are  utilized 
to  deduce  a.<Xd)  given  ag(o=35°).  It  is  of  note  that  the  results  of 
Stephens  ( 1978 ) agree  quite  well  with  the  results  of  Davis  et  al. 

(1978)  in  terms  of  the  d dependence  of  a^  for  a similar  situation. 

The  resulting  fit  is  given  by:- 

as(tf)  = (1.01  ag(d=35°)  + 0.716  as(d=35°)2)  (3.11.22) 

+ (-0.246  x 10-2  as(0=35°)  + 0.765  x 10-2  as(a=35°  )2)a 
- 0.493  x 10~3  as(o=35°)2  #2  . 

This  formulation  produces  slightly  higher  values  of  compared  to 

the  results  of  Stephens  (1978)  for  > 80°  given  ac(^=0°).  Also,  the 

— O _ 

values  of  ag(t>)  are  slightly  low  ('u  5$)  for  small  values  of  as(i?=35°). 


Given  the  uncertainties  already  present,  this  formulation  should  be 
sufficient  for  the  purposes  here. 

The  value  of  the  bulk  broadband  shortwave  transmittance  of  the 
cloud  layer  may  then  be  specified  as: 

tg(^)  = 1 - ps(t>0  - as(i>)  . (3.11.23) 


To  review  the  parameterization  scheme  developed  here  to  deduce 
the  bull  radiative  properties  of  cirriform  cloud  layers,  the  logical 
sequence  of  determinations  is  depicted  in  the  flow  diagram  given  in 
Figure  18.  The  relevant  equations  are  noted  where  appropriate. 

This  scheme  allows  the  determination  of  e*(f  ).  x , e*(t).  l , p0(^-n).  ,, 
aS(a*n)i+is  and  tg(a^n)^+i^  given  and  IWP^+^  computed  as: 


K-l 

E 

k=l 


l. 


k+h 


i+H,k+h 


d 


(3.11.24) 


for  i = 1,  2,  ...,  1-2,  1-1  at  time  j ;ep  n. 

3.11.b.'  Determination  of  Infrared  Radiative  Heating  Rates 
Prior  to  the  initiation  of  a simulation,  the  IRADIR  model  is 

applied  to  the  basic  state  vertical  profiles  of  pressure,  temperature, 
water  vapor,  carbon  dioxide  and  ozone,  as  noted  previously.  This 

allows  the  specification  of  QIR  for  k = 1,  2,  ...,  K-2,  K-l;  which 

k+h 

is  the  basic  state  clear  sky  vertical  infrared  radiative  heating  rate 


profile.  This  heating  rate  profile  is  applied  in  every  clear  column 


Figure  18.  Flow  diagram  depicting  the  logical  sequence  of  determinations  for  computing  the  bulk 
radiative  properties  of  a cloud  layer  in  a given  grid  column  i+h.  The  relevant 
equations  are  as  noted.  See  text  for  discussion. 


which  is  diagnosed  at  a given  time,  i.e. 


QIR.  ,1  , j 

l+h,k+% 


3.11.25) 


for  k = 1,  2,  K-2,  K-l  when  Si.  t . = 0 for  k = 1,  2 K-2, 

K-l. 

Cox  (1981,  personal  communi cation)  and:  tills  author  (Starr,  1976) 
have  observed  that  the  infrared  radiative  heating  rates  computed  by 
IRADIR  for  atmospheric  layers  above  cloud  tea  rv.  . -_c.w  olord  ; 

very  nearly  linear  functions  of  the  specific  - 

cloud  emittances  in  the  upward  and  downward  directions,  respectively , 
for  a given  basic  state.  This  suggests  a very  convenient  method 
specifying  the  heating  rates  in  these  layers,  when  a cloud  is  present 
in  a column. 

At  the  same  time  as  the  computation  of  the  QTR  s~ 

IRADIR  model  is  applied  to  the  basic  state  profiles  with  a wdlatively 
black  (i.e.  e (t)  = e (I)  = 1.0)  cloud  speci  . /itb  cloud  top  at 

.in.  i. 

and  cloud  base  at  z^, . The  KT*  and  KB'  gri  /.orols  are  preselected  to 

correspond  to  the  expected  location  of  clout  ton  *;•./.  cloud  base.  The 

resulting  infrared  heating  rate  profiles  are  erno:.  .--i  as  •, 

k = 1,  2,  ...,  KB'  - 2,  KB'  - 1 and  k = KT',  XT'  --  i,  ..  . K-l. 

Employing  the  fact  that  the  heating  rates  ii  these  jp.y  be  ace:  ■ • 

ately  approximated  as  linear  functions  of  tl . : oxresp : / 4 ) and 

*/  A \ 

e tt),  respectively,  allows  the  specification  of  the  rerfravad  v aSiative 
heating  rates  in  the  clear  portion  of  cloudy  on'.pr- as: 


= QIR  +e(+),^}QiR  - QIR 


i+%,k+h 


k+h 


ck'+h 


v4 


for  k - 1,  2,  . , KBi+Jg-l 


(3.11.26a) 


and 


Qnw^  = 


for  k = KT.j,  KT.  . +1,  ...,  K-2,  K-l 
i+h  i+h 


- QIR 


°k+*2 1 


(3.11.26b) 


where  &.  ¥ 0 for  some  k and  where  KB.,  and  KT.  ..  are  the 

i+%,k +Jg  i +H  x+% 

corresponding  diagnosed  cloud  base  and  cloud  top  grid  levels,  respec- 

tively : and  e ( + ) . . , and  e ( t ) . ..  are  the  diagnosed  bulk  effective 
l*t"2  1+^ 

downward  and  upward  infrared  emittances  of  the  cloud  layer  in  that 
column,  respectively.  Note  that: 


5 {*- 


(KB.+Ji  - KB'  ) 


, whichever  is  greater 


in  Equation  (3.11.26a)  and 


■ !-- 


(KT,  . - KT'  ) 

l+'2 


, whichever  is  less 


in  Equation  (3.11. 26b ) . 

Thus,  the  heating  rates  above  and  below  the  cloud  boundaries  are  ad- 
justed assuming  that  the  response  to  the  presence  of  a locally  defined 
cloud  layer  relative  to  its  boundaries  is  the  same  as  relative  to  the 
boundaries  of  the  pre-defined  expected  cloud  layer.  This  is  a very 
good  assumption. 


For  the  cloud  filled  portion  of  a diagnosed  cloudy  column  (i.e. 

Kr  It  < KT.+J,  an  explicit,  though  crude,  radiative  transfer  com- 

i+h  1 

putation  is  made.  When  the  IRADIR  model  is  used  to  compute  the  QIR 
profile,  corresponding  vertical  profiles  of  effective  gaseous  infrared 
emittances  are  also  computed  as: 


and 


Ho(+)k  - 0 To 


T 


k+% 


. 

£g(tW 


Ho(t)k  - Ho<*  W 
a T 4 - H ( + ),  ^ 

v>s  0 Vl 


(3.11.27) 


where  Hq  is  the  upward  (t ) or  downward  (+)  infrared  flux  at  the  in- 
dicated level  computed  by  model  IRADIR  for  the  clear  sky  basic  state 
profiles  and  Tq  is  the  basic  state  tenperature  at  the  subscripted 
level . 

Recalling  that  the  bulk  infrared  effective  emittances  of  the 
cloud  may  be  consistently  partitioned  such  that  the  corresponding  in- 
cloud vertical  flux  profiles  may  be  generated  (Griffith  et  al.,  1980), 
both  upward  and  downward  effective  vertical  cloud  emittance  profiles 
are  computed  as: 


and 


ec(t  W+%  ■ 1 - ex!?(- B(t> 

Ec(+W*>s  = 1 - «5>(-  e(  + ) IWP14Js^) 


for  k = KB . . , KB.  . +1, 

i+Y  i+% 


. . . , 


//  i 


(3.11.28) 


when  &. ,!  , ! f 0 for  some  k,  where 


IWP.xl  1xl 

x+k,k+k 


(3.11.29) 


A sinple  correction  for  the  overlap  of  the  gaseous  and  cloud  con- 
tribution to  the  total  effective  emittance  profiles  is  applied  follow- 
ing Griffith  et  al.,  (1980)  as: 


ErT;i+%,k+% 


! - (!  )i+^k+}2)  C1  " sg^'1'^+}2) 


and 


(3.11.30) 


z^\+h,k+k 


! - (!  ec^\+k,k+k^  ^ eg^^k+Js^ 


for  k = KB.+V  KB14Js+1,  ...,  KT.^-2,  KT.^-1. 

The  in-cloud  vertical  flux  profiles  are  then  computed  as: 


H^i+*s,k+l  (1  " eT(f  \+h,^  H(+)i+%,k  + eT('l')i+%,k+JS  ° 


for  k = KB . , , KB.  , +1,  KT.,^-2.  XT.xl-l 

1+%.  x+k  x ~k  l+k 


and 


(3.11.31) 


H('*')i+J2,k  (1  eT(i)i+i5,k+%)  H^i+Js,k+1  + eT^k+k,k+k  0 

for  k = KT.  .-1,  KT.  ! -2,  KB.  . +1,  KB.xl 

x+k  x+k  x+k  ’ x+k 


where 


H^i+%,KT  ~ Ho^KT' 


^^i+^KB  " Ho^W 


. (/ 


and 


Thus,  the  basic  state  clear  sky  fluxes  for  the  expected  cloud  top  and 
base  levels  must  also  be  stored  in  addition  to  the  clear  and  cloudy  i : 
basic  state  heating  rate  profiles  and  the  clear  sky  basic  state  gasec  us 
effective  emittance  profiles.  The  in-cloud  infrared  heating  rate  pro- 
file may  now  be  computed  for  a cloudy  column  i+^  as: 


QIR.  ,i  i , ! 


tl 


H(tW  + H(+U  ,k+l  " H^i+%,k+l 


- H(+)i+% 


Jk+l' 


(3.11.: 


for  k = KB.+¥  KB.+%+l,  KT.^-2,  KT.+}f  1. 

This  completes  the  determination  of  the  infrared  radiative  heating 

rates.  In  summary,  prior  to  a simulation,  basic  state  vertical  prof;  jo 

of  pressure,  temperature,  water  vapor  specific  humidity,  carbon  diox: 

mixing  ratio  and  ozone  concentration,  both  internal  and  external  to  • 

model  domain,  are  input  to  the  IRADIR  broadband  infrared  radiative 

transfer  model  to  generate  the  clear  sky  basic  state  infared  fluxes 

H0(t)j£g,  and  Hq(+)^,,  clear  sky  and  cloudy  sky  basic  state  infrared 

radiative  heating  rate  profiles  .w;IRo  and  QIRq,  and  clear  sky  profile  ■ 

of  effective  infrared  gaseous  emittance  e (t)  and  e (+),  which  are 

all  stored  in  the  model  for  the  model  vertical  domain.  The  effective 

cloud  mass  absorption  coefficient  3(i)  is  prespecified  along  with  th ; 

conditions  to  determine  the  parameters  R0(min)  and  Ra(max).  The 

p P 

model  diagnosed  solar  time  tJ^  “then  allows  the  computation  of  3(l)« 
With  all  these  quantities  and  the  prespecified  basic  state  profiles 
of  pressure,  temperature  and  density  and  a few  physical  constants,  t 
appropriate  infrared  radiative  heating  rate  profile  may  be  computed  ’or 


each  column  in  the  domain  depending  on  whether  a cloud  is  present  in 
the  column  or  not  and  depending  on  the  vertical  profile  of  ice  water 
specific  humidity  in  the  column  if  it  is  cloudy.  The  determination  is 
parametric  primarily  in  the  specification  of  the  empirical  constants 
3(t),  Rg(min),  Rg(max)  and  t^.  Effects  due  to  the  diurnal  variation  of 
surface  and  atmospheric  temperatures  external  to  the  model  domain  are 
taken  into  account  in  two  ways.  The  parametric  quantity  Rg(tgQL) 
yields  a climatological  response  for  the  cloud  layer  and  some  limited 
response  in  the  sub-cloud  layer.  In  addition,  the  prespecified  basic 
state  fluxes,  heating  rate  profiles  and  gaseous  emittance  profiles  may 
be  reinitialized  at  any  time  during  a simulation  by  simply  redefining 
the  basic  state  profile  of  temperature,  water  vapor,  etc.  outside  (be- 
low) the  model  domain  and  reapplying  the  IRADIR  model  as  noted  above. 

In  this  way,  the  radiative  effects  of  diurnal  variations  of  surface 
temperature  and  lower  atmospheric  thermodynamic  structure  may  be  in- 
corporated in  a simulation. 

3.11. e.:  Determination  of  Shortwave  Radiative  Heating  Rates 
Prior  to  the  initiation  of.  a simulation,  the  IRADSW  model  is  ap- 
plied to  the  basic  state  vertical  profiles  of  pressure,  temperature, 
water  vapor  specific  humidity,  carbon  dioxide  mixing  ratio  and  ozone 
concentration,  as  noted  previously,  for  six  prespecified  solar  zenith 
angles,  2^  . These  solar  zenith  angles  are  specified  as: 

80°  = 'O'  > > ...  > 

12  6 

where  the  range  is  determined  such  that  tK  is  the  minimum  solar  zenith 


angle,  which  will  he  encountered  during  the  simulation.  Thus,  six  pro- 


files of  clear  sky  basic  state  shortwave  radiative  heating  rates  are 

generated,  i.e.  + ^ ($m)  for  k = 1,  2,  ...,  K-2,  K-l  and  m = 1,  2, 

°k+%  " 

...,  6.  By  simple  linear  interpolation,  the  clear  sky  basic  state 
shortwave  radiative  heating  rate  profile  at  solar  zenith  angle  is 
specified  as: 

QSu/4')  (i)-n)  = a1  Q (tf-  ,+1)  + (l-an)  (ihi' ) (3.11.33) 

°k+h  °k+%  m 1 °k+% 

(tf  , -ifn) 
m' ___ 

” L*m,+l'> 

and  is  the  solar  zenith  angle  diagnosed  at  time  step  n.  Note  that: 


where 


n 

a = 


QSv/  4')  (if  n 
°fcris  m=0 


90°)  = 0. 


(3.11.34) 


In  addition,  the  downward  shortwave  irradiance  at  the  prespecified 
expected  cloud  top  level  1^^  ) and  the  total  flux  convergence  in 


KT1 


the  total  atmospheric  column  above  this  level  A 1^^  (l^in)  computed  by 

°KT' 

IRADSW  and  corresponding  to  each  of  the  six  basic  state  clear  sky 

shortwave  heating  rate  profiles  are,  also,  stored  in  the  model.  This 

allows  the  determination  of  1^^  (l?n)  and  i (t£n)  in  the  same 

(^KT'n  °KT' 

way  as  noted  above  for  QSW  ' ' {v).  All  these  basic  state  shortwave 

°k+h 

radiative  parameters  are  based  on  a consideration  of  only  the  downward 
direct  solar  irradiances  in  clear  sky  conditions. 


Similarly,  six  profiles  of  (a^m)  for  k = KT',  KT'+l, 


K-2,  K-l  and  six  values  of  A ij^j^  (^m)  are  determined  from  application 
of  the  IRADSW  model  to  the  basic  state  profiles.  These  quantities  are 
the  shortwave  radiative  heating  rate  profiles  and  total  flux  conver- 
gences in  the  atmospheric  column  above  KT'  due  to  only  reflected  short- 
wave radiation  from  a reference  cloud  layer,  respectively.  The  re- 
ference cloud  top  level  is  KT'  and  the  broadband  shortwave  reflectance 
of  the  cloud  is  specified  as  Pg  = 0.61.  In  the  same  manner  as  above, 
this  allows  the  determination  of  QSWi  ^ (i)-n)  and  A il™  (i^n)  and 


k+h 


A (^n). 


°k+h 


KT' 


For  clear  columns,  the  shortwave  radiative  heating  rates  are 
specified  as  the  basic  state  downward  profiles,  i.e. 


QS“i+k,*+h  ’ QS,,~+)  (I,n) 


(3.11.35) 


k+h 


where  =0 

x+h,k+h 

for  k = 1,  2,  . ..,  K-2,  K-l. 

The  determination  of  the  shortwave  radiative  heating  rate  profiles 
in  columns  where  a cloud  is  diagnosed  must  now  be  considered. 

For  the  layers  above  cloud  top,  the  absorption  of  the  downward 
direct  solar  radiation  is  specified  as  the  value  in  the  clear  sky  case. 
However,  the  absorption  of  shortwave  radiant  energy  reflected  from 
cloud  top  may  be  significant  and  must  be  considered. 

The  spectral  distribution  of  shortwave  radiant  energy  in  the  up- 
ward reflected  flux  emergent  from  cloud  top  may  be  substantially  dif- 
ferent when  compared  to  the  incident  direct  solar  beam  due  to  inter- 
actions within  the  cloud  layer,  (Welch  et  al.,  1980).  At  any  • ' 


wave  length  v , the  ratio  of  the  short-wave  energy  absorbed  from  the 
reflected  component  to  that  absorbed  from  the  downward  beam  in  the 
total  atmospheric  column  above  cloud  top  is  given  by: 


R = R p 


where 


R g av  (u")(1  ~ ay 

av  (u*/)  ’ 

Pv  is  the  spectral  reflectance  of  the  cloud  layer  and  a^  is  the  spec- 
tral gaseous  absorptance  of  the  atmospheric  column  above  cloud  top, 
and  is  a function  of  the  appropriate  optical  path  of  the  absorbing 

gas.  Note  that  the  parameter  I , the  incident  spectral  solar  irradi- 

°V 


ance  at  the  top  of  the  atmosphere,  has  been  eliminated  from  the  numer- 
ator and  denominator.  The  optical  path  parameters  are  computed  as: 
u ^ = u sec(^0 


and 

where 


u 


= 1.66  u 


KT 


u = J q(p') 


is  the  vertical  optical  path  and  q is  the  mixing  ratio  of  the  absorb- 
ing gas.  For  the  moment,  water  vapor  is  considered  to  be  the  only 
gaseous  absorber  since  it  is  the  primary  gaseous  atmospheric  absorber, 


(Yamamoto,  1962).  Note  that  u^  corresponds  to  the  vertical  optical 
path  corrected  for  the  path  traversed  by  the  direct  solar  beam  at  some 
solar  zenith  angle  2A  The  reflected  radiation  stream  is  assumed  to  be 
isotropic  and  diffuse  for  the  computation  u , (Goody,  1964). 

For  convenience,  the  0.94  pm  1.10  pm,  1.38  pm  and  1.87  pm  absorb- 
ing bands  of  water  vapor  are  considered  as  one  band,  i.e.  V = 1. 
Similarly,  the  2.7  pm,  3.3  pm  and  6.3  pm  absorbing  bands  are  collec- 
tively denoted  as  V = 2.  The  absorptance  functions  a^  and  a^  are 

taken  from  Yamamoto  (1962)  and  properly  normalized  to  I and  I as 

°1  °2 

in  Welch  et  a_l.  (1976)  for  u"  — 0°.  Welch  et  aT.  (1980)  give  spectral 

reflectances  for  each  of  the  sub-bands  at  *2^  = 0°  for  a number  of 

optically  thick  model  clouds  based  on  detailed  Mie  calculations  and 

Monte  Carlo  simulations,  (their  Table  4.8).  Their  C.5  (bullets)  and 

C.5  (columns)  model  clouds  yield  the  most  realistic  bulk  short-wave 

radiative  cloud  properties  (i.e.  p ~ 0.61  and  ac  ~ 0.14).  These 

b b 

values  roughly  agree  with  the  empirical  relation  for  pc  versus  ac 

b b 

proposed  earlier.  In  addition,  the  microphysical  properties  of  their 

model  clouds  correspond  well  to  the  small  particle  size  mode  employed 

elsewhere  in  this  study.  They  state  that  the  presence  of  a large 

particle  size  mode  does  not  substantially  alter  their  results.  Thus, 

the  average  properties  of  these  two  model  clouds  are  adopted  as  a 

reference  case  in  this  study.  The  mean  values  of  p^  are  normalized  to 

I and  combined  to  yield  p = 0.574  and  p = 0.009.  Thus,  in  the 
V 1 z 

near  infrared  spectral  region,  the  spectral  reflectance  decreases 

dramatically  as  wave  length  increases.  It  is  assumed  that  for  pc  = 

b 


0.61,  p^  and  p^  are  independent  of zA 


For  cirrus  clouds  (i.e.  p^  * 40  kPa)  , a reasonable  range  of 
expected  values  of  u is  ^ 0.01  cm  to  0.2  cm  precipitable  water  corres- 
ponding to  very  dry  and  very  moist  conditions  above  cloud  top.  For 
this  range  of  u values,  R^^and  R^^were  found  to  be  nearly  indepen- 
dent of  u,  though  there  was  a distinct  dependence  on  ^ through  u^£. 

The  ratio  of  the  solar  energy  absorbed  from  the  reflected  com- 
ponent to  that  absorbed  from  the  direct  component  summed  over  the  V = 
1 and  V = 2 bands  is  given  by: 

R = E1P  W>  + *2p  a2(V>  \**> 

P C1*)  + a2(V)  I0  W ' 

Recall  that  1^  ( ) = cos(^)  1^  (2^=0°),  where  I (2^=0°)  is  specified  as 

V v °v 

in  Welch  et  al.  (1976).  For  the  reference  model  cloud  considered 
here,  Rp  = 0.45,  0.44,  0.33  and  0.23  forZ^=0°,  30°,  60°  and  80°.  The 
absorption  of  reflected  energy  in  the  V = 2 band  is  negligible  and 
results  in  Rp  * (2/3)  at  any  2* . The  2/  dependence  of  Rp  for  the 

reference  case  may  be  empirically  represented  as: 

R^=  0.44  - 0.287  x 10“2  (z/-30°)  - 0.267  x lO-4  (-z^-30)2 
for  30°  ClX  < 90°  (3.11.36) 

and  Rz/=  0.45  for^  < 30° 

which  is  valid  over  the  range  of  u considered  here.  This  function  is 
plotted  in  Figure  19. 

For  lack  of  better  information,  it  is  assumed  that  the  relative 
spectral  distribution  of  reflected  solar  radiation  is  independent  of 
pg  and2^.  This  is  equivalent  to  assuming  that  the  cumulative  effect 
on  the  emergent  reflected  radiation  component  of  both  scattering  and 


absorption  processes  acting  within  the  cloud  layer  are  linearly 

related  for  the  absorbing  and  nonabsorbing  bands.  Hopefully,  this 

assumption  is  not  too  bad.  Consequently,  for  a given  R is  a 

p 

linear  function  of  p and  equals  zero  at  p = 0.  Thus,  employing  the 

b b 

results  from  the  reference  case,  this  assumption  yields: 


R 


P 


PS 

0.61 


where  Rjl  is  determined  from  Equation  (3.11.36).  Note  that  the  frac- 
tional  increase  in  total  solar  energy  absorbed  due  to  water  vapor  ab- 
sorption of  the  short-wave  radiant  energy  reflected  from  cloud  top  is 
maximized  for  small  zenith  angles  and  large  broadband  cloud  short-wave 
reflectances . 

Absorption  of  solar  radiation  by  ozone  and  carbon  dioxide  are 
substantially  smaller,  that  due  to  water  vapor  and  behave  analogously 
to  the  V=  1 and  V = 2 bands  considered  here,  respectively.  Thus, 
is  assumed  representative  for  all  gaseous  absorption  of  the  reflected 
short-wave  component. 

The  validity  of  the  above  expression,  when  applied  to  the  case  of 
cirrus  clouds,  is  most  crutially  dependent  on  the  representativeness 
of  the  results  taken  from  Welch  et_  a^.  (1980)  and  the  assumption  that 
pyps  = constant  at  a given  V. 

The  total  resultant  increase  in  short-wave  radiative  heating  must 

now  be  partitioned  in  the  model  layers  above  cloud  top.  The  reference 

basic  state  heating  rate  profile,  QSW  J (iX  ) , due  to  gaseous  absorp- 

°k+^ 

tion  of  reflected  radiation  for  k = KT',  KT'+l,  ...,  K-2,  K-l  is 
utilized.  Note  that  IRADSW  assumes  pv  = pg. 


However,  for  any  pg, 


the  relative  vertical  distribution  of  solar  heating  is  representative 
due  to  the  similarity  in  shape  of  the  various  absorptance  functions 
with  respect  to  u (Yamamoto,  1962).  Let: 

a i 


(4)  6Kn) 


R*  5 R ^ . 

°KT  ' 

Thus,  Rp  A - ( jf-  ) is  the  total  convergence  due  to  absorption  of 

reflected  radiation  corresponding  to  Pg,  where  both  the  spectral 

changes  and  angular  redistribution  of  the  radiation  stream  emergent 

from  cloud  top  have  been  taken  into  account.  R is,  therefore,  a 

P 

normalizing  factor  and  may  be  applied  directly  to  the  reference  case 

(t)  f n 

heating  rate  profile  QSW  (? r ) to  yield  both  the  proper  magnitude 

°k+h 

and  distribution  of  heating.  Thus,  if  a cloud  is  diagnosed  in  column 
i+h,  then: 


Qsw,,, 


i+h,k+h 


QSW^  (Z1)  + R"  QSV('t')  (z*n) 


(3.11.37) 


k+k 


for  k = KT.+V  KT.^+1,  ...,  K-2 , K-l 


where 


k'  = k - (KT..J  - KT'), 

1 + ^ 


R = 
P 


and  R^/ (*^n)  is  given  by  Equation  (3.11.36).  Note  that  as  in  the  case 
of  the  infrared  heating  rate  determinations,  the  response  of  the  heat- 
ing rates  above  a locally  defined  cloud  top  relative  to  cloud  top 
level  has  been  assumed  to  be  distributed  as  relative  to  the  cloud  top 


^ V(^n) 


A I 


O) 

°KT ' 


(^n) 


0.61 


A I n. 

°KT'(*  } 


level  of  the  reference  case. 


Data  on  the  vertical  distribution  of  solar  heating  within  cirrus 
cloud  layers  are  virtually  nonexistent.  Welch  et  al.  (1976),  Davis  et 
al . (1978)  and  Welch  et  al.  (1980)  present  data  on  the  vertical  dis- 

tribution of  in-cloud  absorption  for  a few  liquid  phase  model  clouds. 
In  each  study,  the  cloud  microphysical  properties  were  assumed 
spacially  homogeneous.  They  show  that  the  short-wave  radiative  heat- 
ing is  concentrated  in  the  upper  portion  of  the  cloud  layer.  Welch  et 
al.  (1976)  show  that  the  shape  of  the  in-cloud  heating  rate  profile 
depends  to  some  degree  on  the  assumed  microphysics.  A dependence  on  zA 
is  also  evident  (Davis  et  al. , 1978). 

It  seems  reasonable  to  assume  that  the  vertical  profile  of  short- 
wave heating  rates  is  functionally  related  to  the  vertical  profile  of 
ice  water  content  vertically  integrated  from  cloud  top  level.  Accord- 
ingly, the  solar  heating  of  a layer  within  a cloud  diagnosed  in  grid 
column  i+%  may  be  expressed  as: 


Qsw,^  ^ = 


8 aS  To 
1+^  KT 


O)  /#n 


C (P  - p ) 
k k+1 


I as  as 

iwp  . - iwp  ...  . .. 

i+^,k i+^,k+l 

°S 
IWP  b 

i+h 


(3.11.38) 


for  k = V'  KTi«f2 KBi+^+1»  KBi+!j 


where 


KT.  , -1 

i+h 


iwp  i - = i p a.  ,,  . , 
1+*»k  j=k'  °j+%  X+-*»J+* 


(3.11.39) 


and  Og  is  some  distribution  shape  parameter.  Note  that  the  solar 

(4-) 

energy  absorbed  between  the  KB.^,  and  KT.,,  levels  is  a a„  I 

1+%  1+!s  Si+*  °KT' 

(i^n) . The  last  term  simply  partitions  this  energy  into  the  various 
in-cloud  layers. 


The  profiles  of  in-cloud  solar  absorption  given  by  Welch  et  al. 
(1976)  and  Davis  et  al.  (1978)  may  be  accurately  produced  by  a func- 
tion as  above.  The  required  values  of  a range  from  ^ 1/3  to  ^ 3/4 

o 

with  the  largest  values  associated  with  small  solar  zenith  angles  and 
small  values  of  a^.  Note  that  as  increases,  the  heating  is  more 
uniformly  distributed  in  the  vertical,  i.e.  not  as  concentrated  in  the 
upper  portion  of  the  cloud.  Since  it  is  uncertain  exactly  how  appro- 
priate their  results  are  for  cirrus  cloud  layers  and  since  not  enough 
data  exist  to  reliably  establish  the  dependence  of  a on  ^ of  a ; a = 

l)  b J 

0.5  is  assumed  for  this  study.  This  seems  reasonable  for  the  rela- 
tively thin  ice  clouds  considered  here. 

An  approach  similar  to  that  employed  earlier  for  the  reflected 
short-wave  component  may  be  adopted  for  the  transmitted  short-wave 

radiation  in  the  subcloud  region.  Let  R ^ be  the  ratio  of  the  trans- 

vt 

mitted  solar  radiation  absorbed  in  a layer  extending  down  from  cloud 
base  to  level  k to  that  absorbed  in  clear  sky  conditions  in  the  same 
layer  at  wave  length  V,  i.e. 


R = R ,t 
vt  ViA  V 


where 


a (u ' (KB  ->  k))(l  - (u^  (0  KT))) 

p ' _ _y V 

Vj/  av(utf  kU  “ av  (0  ^ KB))  ’ 

is  the  spectral  transmittance  of  the  cloud  layer  and  the  arguments 
of  u and  u?/  refer  to  the  vertical  domain  over  which  the  corresponding 
u is  evaluated  (0  incidates  the  top  of  the  atmosphere) . Note  that 
IQ  has  been  eliminated  from  this  expression  as  before.  The  expres- 
sion for  / is  very  similar  to  the  previous  expression  for  R 

vxr  V2A 

Since  R^^  was  nearly  independent  of  u over  an  appropriate  range  of  u 


and  since  the  vertical  optical  paths  within  the  domain  are  likely  to 


be  of  the  same  order  (i.e.  < 0.2  cm),  should  also  be  relatively 
independent  of  the  vertical  optical  paths.  Therefore,  it  is  assumed 
that: 

= Rvj- 


Thus,  is  assumed  to  have  the  same  dependence  on  as  R . This 

simplifies  matters  as  unlike  the  case  of  the  reflected  solar  compon- 
ent, multiple  vertical  structures  of  u must  be  considered  rather  than 
simply  a reasonable  range  of  single  layer  values. 

From  Welch  et  al.  (1980),  employing  the  same  model  cloud  results 
and  procedures  as  before,  t = 0.09  and  t = 2 x 10~5  for  t = 0.25, 

-L  Z o 


= 0.61  and  a. 


0.14.  By  analogy  to  the  reflected  case  where 


(pl/ps)  » (p2/Ps)  allows  Rp  v (2/3)  R , let  Rfc  ~ (2/3)  R^.  Combin- 
ing this  result  with  the  previous  results  and  approximations  allows: 


Rt  = Rp  = °*159  R^ 


for  their  model  cloud. 

Assuming  that  the  relative  spectral  distribution  of  short-wave 
radiant  energy  transmitted  through  the  cloud  layer  is  independent  of 
2 and  tg  and  noting  that  R^  = 1.0  for  tg  = 1.0  is  required,  the  above 
result  for  tg  = 0.25  leads  to: 


R 


t 


1.0 


0 


1 - 0.159 


(3.11.41) 


whichever  is  greater.  Note  that  R = 0 for  tc  < 0.10,  0.14  and  0.18 
when  if-  = 30°,  60°  and  80°,  respectively.  Thus,  for  very  optically 
thick  cloud  layers,  essentially  all  of  the  transmitted  solar  radiation 


is  at  visible  wave  lengths  and  not  subject  to  gaseous  absorption  in 
the  subcloud  region. 

The  short-wave  radiative  heating  rates  resulting  from  the  absorp- 
tion of  transmitted  solar  radiation  in  the  subcloud  layers  are,  there- 
fore, determined  in  cloudy  column  i+^  as: 

QSWi+is,k+!s  = Rt  OSW^y")  (3.11.42) 

K • "2 

for  k = 1,  2,  KB.  j -2,  KB.^-1 

i +h  i+h 


where  is  determined  from  Equations  (3.11.41)  and  (3.11.36)  as  a 

function  of  t„  and  ^n 
Si+%  ^ • 

In  summary,  prior  to  the  initiation  of  a simulation  six  basic 
(4-)  ft) 

state  profiles  of  QSWq  and  QSWq  and  the  corresponding  values  of 
(1)  (4-)  (t) 

I > A I and  A I are  computed  by  means  of  the  IRADSW  model 
°KT'  °KT ' °KT ' 

for  the  basic  state  profile  of  pressure,  temperature,  etc.  for  six 
prespecified  solar  zenith  angles.  The  diurnal  cycle  of  these  quanti- 
ties is  approximated  by  a linear  interpolation  in  terms  of  zenith 
angle.  In  the  presence  of  a cloud  layer,  the  appropriate  basic  state 
radiative  heating  rate  profiles  in  the  subcloud  and  above  cloud 
regions  are  adjusted  based  on  the  diagnosed  bulk  short-wave  radiative 
properties  of  the  cloud,  where  the  angular  and  spectral  distribution 
of  the  radiation  emergent  from  the  cloud  layer  is  parametrically  taken 
into  account.  The  in-cloud  short-wave  radiative  heating  rate  profiles 
are  computed  based  upon  the  appropriate  incident  basic  state  flux  and 
the  diagnosed  broadband  absorptance  where  the  distribution  is  de- 
termined parametrically  based  on  the  vertical  distribution  of  ice 


water. 


3.12.  Initialization  and  Procedural  Summary 

In  this  section,  the  overall  computational  procedure  employed  in 
the  model  is  briefly  summarized  in  schematic  form.  A logical  listing 
of  all  model  parameters  is,  also,  presented.  Definitions  and  details 
not  found  in  this  section  may  be  found  in  the  appropriate  section  of 
this  chapter.  The  required  model  input  parameters  and  the  manner  of 
initializing  the  model  for  a simulation  are  described  here  in  detail. 

The  following  is  a list  of  all  model  parameters,  where  these 
parameters  have  been  classified  according  to  their  computational 
utilization.  These  parameters  have  all  been  defined  in  the  previous 
sections.  Parameters  employed  strictly  for  analysis  of  model  output 
have  not  been  included.  The  temporal  and  spacial  dependencies  of  the 
model  parameters  are  noted  in  a shorthand  fashion.  The  dependencies 
are  given  within  the  brackets  and  refer  to  all  quantities  on  that 
line.  The  absence  of  a bracketed  quantity  denotes  constants.  The 
notation  is  such  that  the  presence  of  n,  or  Nc  denotes  the  time 
steps  at  which  the  parameters  are  evaluated,  i.e.  every  time  step, 
only  every  time  steps  or  only  every  time  steps,  respectively. 
The  presence  of  i or  i+^  denotes  a parameter  nominally  evaluated  at 
every  dynamic  or  thermodynamic  grid  level,  respectively.  The  absence 
of  a reference  to  any  dependency  indicates  no  dependency. 

Physical  Constants  and  Functions: 

R i c > g>  L,  eQ,  A,  solar  constant 

8 P ^ 

Geometric  Constants: 


d,  hB,  I,  K 


Computational  Constants: 


At,  n,  ff°>  Nc,  Nr,  err 

Parametric  Constants: 

ft) 

V>  K0’  Kq’  K£  P ’ Rp(min)>  Rp(max),  ag 

Initialization  Parameters: 

JD,  4»,  tg°L,  KT',  KB ' , 2^m,  (6,  SR) 


Primary  Basic  State  Quantities: 

0oo>  w0’  0O’  V V V To’  o[@  k+h  and  k = 1»K1 


Secondary  Basic  State  Parameters: 

QIRo,  QIRc,  e*(t),  e*(4,)  QSW^}  (tAn)  [@  k+h] 

QSW^f)  (z4)  [@  k+h  > KT'] 

(zAn) , A I™  ^m),  A I<f)  (^m) 


°KT'  °KB  ' °KT ' 


KT' 


KT 


Prognostic  (Perturbation)  Fields: 
t,  [@  i,  k,  n] 

0,  q,  H [@  i+h,  k+h,  n] 

Primary  Diagnostic  Quantities  (Nonparametric) : 
i|(  [@  i,  k,  n] 
t [@  n] 


Primary  Diagnostic  Quantities  (Parametric): 
v [@  i+h,  k+h,  n] 

Secondary  Diagnostic  Quantities  (Nonparametric): 

JU 

T,  q [@  i+h,  k+h,  Nc] 

IWP  [@  i+h,  k+h,  Nr] 


IWP  [@  i+h,  k,  Nr] 


IWP,  KT,  KB  [@  i+h,  Nj 
QSW^3  (2*)  [@  k+h,  Nr] 

QSW^t}  (J)  [@  k+3g  > KT ' , N ] 

O K 

A ^ A !nf).  I@  NrJ 


KT 


°KT ' ' " °KT 


Secondary  Diagnostic  Quantities  (Parametric): 

QIR,  QSW,  QSW(+),  e*(t),  [<a  i+h,  k+h,  Nr] 

c,  f£,  r [@  i+!g,  k+%,  Nc] 

QSW(t)  [@  i+h,  k+h  > KT,  N_] 

K 

H(t)  [@  i+h,  KT  > k+h  > KB,  Nd] 

H(°  [@  i+h,  KT  > k+h  > KB,  NJ 

K 

ec  , ec  [@  i+h,  KB  < k+h  < KT,  NR] 

*(t)  *m  * 

s , e ps,  as>  ts,  Rp,  Rt  [9  i+i,  NR] 

Rp,  p(4),  R^[@  Nr] 

The  overall  computational  procedure  is  schematically  outlined  in 
Figure  20.  This  flow  diagram  may  be  logically  partitioned  into  two 
phases,  which  are  the  preliminary  phase  and  the  simulation  phase.  The 

preliminary  phase  is  broken  down  into  three  general  areas,  i.e.  model 

setup,  input  and  initialization.  The  model  setup  requires  that  the 
physical  constants  and  functions,  the  geometric  constants,  the  compu- 
tational constants  and  the  parametric  constants  be  specified.  In 
addition,  all  the  functional  relationships  to  determine  the  parametric 
quantities  must  be  specified.  The  sensitivity  of  simulations  to  the 
specific  choice  of  the  parametric  constants  and  these  functional  rela- 
tionships is  established  in  Chapters  4 and  5. 
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Figure  20.  Flow  diagram  depicting  the  overall  computational  proce- 
dure employed  in  the  model.  See  text  for  discussion. 


The  initialization  portion  of  the  preliminary  phase  determines 

the  primary  and  secondary  basic  state  parameters  and  initializes  the 

perturbation  fields  and  primary  diagnostic  quantities  as  well  as  the 

radiative  term  QR.  This  initialization  proceeds  from  the  model  setup 

and  the  input  parameters.  The  input  parameters  are:  T , p , RH  , 

°1  °1  °k 

or  r and  w , which  are  the  basic  state  temperature  and  pressure 
k k 0 

at  the  lower  boundary,  the  relative  humidity  (with  respect  to  ice)  at 
all  dynamic  and  thermodynamic  levels,  a basic  state  temperature  lapse 
rate  parameter  for  each  sublayer  resolved  by  the  dynamic  and  thermo- 
dynamic grid  levels  and  the  basic  state  vertical  velocity.  Two  op- 
tions may  be  employed  for  the  initialization  of  the  primary  basic 

state  quantities.  These  are  the  direct  method  (input  T ) and  the 

°k 

indirect  method  (input  r~  ) . The  indirect  method  is  discussed 

k 

presently.  The  direct  method  is  a simplification  of  the  indirect 
method.  Note  that  both  methods  may  be  employed  for  a given  simula- 
tion, i.e.  some  sublayers  initialized  from  the  direct  method  and  some 
by  the  indirect  method.  In  each  method,  the  initialization  proceeds 
from  the  lowest  sublayer,  i.e.  between  the  k = 1 and  k = 3/2  levels, 
to  the  highest  sublayer.  An  iterative  solution  for  the  primary  basic 
state  parameters  at  the  upper  boundary  of  each  successive  sublayer  is 
employed. 

For  the  indirect  method,  the  temperature  lapse  rate  of  a layer  is 
initialized  as  the  saturated  pseudo-moist  adiabatic  lapse  rate,  V , 
minus  some  offset,  which  is  an  input  parameter.  Following  from 

Hess  (1959) , the  saturated  pseudo-moist  adiabatic  lapse  rate  is  well 
approximated  as: 


(3.12.1) 


L 6 eS(T) 

1 + iT  (p  - eg(T))  T 

L2  s2  e (T) 

■ CP  Rg  Cp  - eS(T))  T J 
at  a pressure,  p,  and  temperature,  T;  where  e (T)  and  L are  determined 
as  in  Appendices  A and  B,  respectively.  The  pressure  at  the  upper 
boundary,  p^,  of  a layer,  where  the  pressure  at  the  lower  boundary, 
Pg,  as  well  as  the  temperature,  T,  and  water  vapor  specific  humidity, 
q,  at  both  boundaries  are  known,  is  well  approximated  as: 


■v*1'  t> = t 


P'pCPg*  T'p j j j Qg)  g— 


PB  exp 


IS  1 
R 2 
g 


T + T 
T B 


-1 


1 + (l-e)  2t_ 


-1 


(3.12.2) 


where  d/2  is  the  vertical  thickness  of  the  layer.  The  water  vapor 
specific  humidity  is  given  by 


eq(T) 

qT(p,  T,  RH)  = RH  ( . T)) 


(3.12.3) 


where  RH  is  the  specified  relative  humidity  (with  respect  to  ice) 
Since , 


T = T 
T B 


-Air  (Ellis  hUi).r 

V ) m \ 2 ’ 2 / 1 


(3.12.4) 


and  iterative  solution  for  the  indirect  method  is  readily  available. 
Let  V be  the  iteration  index.  As  a first  approximation, 


r = r (p  , t ) 
mk  m °k-h  °k-h 


= t - | (r  - r ) 

°k  °k-^  2 mk  Tk 


and 


(3.12.5) 


Po.  = PT(po,  ,»  Tofc’  ° ’ V,5 

k k-%  k k-%  k-% 


\ = q*(V  Tv  “V 


where  the  functions  T , p^,  and  q^  are  given  by  Equations  (3.12.1), 

(3.12.2)  and  (3.12.3),  respectively,  and  the  values  of  P , T , 

°k-%  °k-^ 

q , r_  and  RH  are  known.  The  iteration  proceeds  as: 

v*  Tk  \ 

p + p V_1  T 1 m V_1 

r v=  r °k~^  °k 

m.  m 2 ’ 2 

k 


+ T 

Oi  l o, 

"2 


tv  = t --(rv-r  ) 

°k  2 mk  v 


■V  = PT  (po.  , • To  > V,-  X’  V ,> 

k k-\  k k-%  k k-% 


and 


\^(pvTv  V- 


(3.12.6) 


The  solution  is  regarded  as  correct,  when: 
V 


r - rv_1 
\ 

r v 

m. 


< err 


(3.12.7) 


and 


qV  - qV_1 

°k  °k 
v-1 


< err 


(3.12.8) 


where  err  is  some  convergence  criterion  and  is  usually  specified  as 
0.0001.  Convergence  is  rapid  and  is  usually  achieved  in  one  or  two 
iterations. 

For  the  direct  method,  the  temperature  lapse  rate  is  directly 


specified  as  f . 


Thus , 


(3.12.9) 


T = T - Gt)  r . 
°k  °k-3*  2 °k 


Thus,  as  a first  approximation, 


P0  (Pq  ’ '*'0  ’ ^ 

k k-h  k k-h  k-h 


and 


\ = q*  (V  V *V  • 


(3.12.10) 


The  iteration  proceeds  as: 


Po  PT  (po.  To  > To  qo  » qo 
k k-%  k k-h  k k-h 


and 


V = 1l  (Po  ' To  • moJ 
k k . k k 


(3.12.11) 


where  Equation  (3.12.7)  is  utilized  to  test  for  convergence. 

By  employing  the  appropriate  method  for  each  successive  level 

(i.e.  k = 2,  . ..,  K=%,  K) , the  primary  basic  state  parameters 

T , p and  q are  determined  at  all  levels.  This  allows  the  specifi- 
o o o r 

cation  of  the  other  primary  basic  state  parameters  as: 


P R /c 

°k  g p 
71  = (— ) 

°,  p / 

k *ref 


(3.12.12) 


and 


0 = — 

o,  n 

k o. 


(3.12.13) 


and 


= 


°-  R T [(1+q  /e)/(l  + q )] 

8 k k k 


(3.12.14) 


1 K 

0 = ± I 0 

°°  K k=l  °k 


(3.12.15) 


are 


Recall  that  for  the  simulation  phase,  T , p , q , n , 0 and  p 
required  at  only  the  k = 1;  k = %,  ...,  K-^;  and  k = K grid  levels. 

Though  the  basic  state  parameters  might  be  retained  for  dynamic  grid 
levels  for  the  computation  of  the  vertical  advection  terms  (rather 
than  employing  interpolation),  this  is  inconsistent  with  the  desired 
conservation  properties  when  utilizing  the  staggered  grid.  For  the 
same  reason,  the  input  values  of  T~o  of  V T as  well  as  the  initializa- 
tion method  are  required  to  be  the  same  for  the  two  sublayers  adjoin- 
ing any  dynamic  grid  level. 

Once  the  primary  basic  state  parameters  are  deduced,  the  second- 
ary basic  state  parameters  may  be  determined  from  the  IRADIR  and 
IRADSW  models  as  described  in  Section  3.11.  Note  that  this  requires 
the  additional  input  of  vertical  profiles  of  atmospheric  pressure, 
temperature  and  water  vapor  specific  humidity  for  the  regions  external 
to  the  model  domain,  i.e.  from  the  surface  to  the  lower  boundary  and 
from  the  upper  boundary  to  the  top  of  the  atmosphere.  Similarly, 
vertical  profiles  of  carbon  dioxide  mixing  ratio  and  ozone  concentra- 
tion are  required  for  the  regions  both  internal  and  external  to  the 
model  domain.  In  addition,  the  initialization  parameters  must  be 
input. 

The  radiative  term,  i.e.  QR  and  its  component  parts,  is  specified 
as  the  appropriate  clear  sky  basic  state  value  at  all  thermodynamic 
grid  points  for  the  initiation  of  a simulation.  The  perturbation 
fields  of  water  vapor  specific  humidity  and  ice  water  specific 
humidity  are  initialized  as: 


and 


^i+^,  k+% 
^i+h,  k+k  = 0 


(3.12.16) 


for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2,  ...,  K-2,  K-l. 

In  general,  the  dynamic  perturbation  fields  are  initialized  as: 


and 


♦i.k  * ° 


(3.12.17) 


for  i = 1,  2,  ...,  1-1,  I and  k = 1,  2,  ...,  K-l,  K. 

dynamic  initialization,  which  is  employed  is: 


An  alternative 


^ 


and  ii,l  = 3 Wol+,  + *o.  * 2 *0.  1 

J d k+1  k-l  k 


for  k = 2,  3,  K-2,  K-l;  and 


Vk = 0 

ci,k  ■ 0 


(3.12.18) 


for  k-l  and  k = K and  i = 1,  2,  ...,  1-1,  I where  the  vertical  pro- 
file \\t  is  a model  input  parameter.  Note  that  this  formulation  is 
°k 

consistent  with  the  developments  in  Sections  3.5  and  3.8.  This  alter- 
native initialization  allows  the  specification  of  a mean  lateral  wind 
component,  uq  , which  has  a vertical  shear  structure.  Note  that  there 
is  no  mean  layer  horizontal  wind,  i.e. 


K 

I 4*  = o . 

k=l  °k 


(3.12.19) 


The  ramifications  of  this  initialization  procedure  for  a simulation 
are  discussed  in  the  succeeding  chapters  where  it  is  employed. 

The  thermal  perturbation  field  is  employed  to  initiate  a dis- 
turbance. In  general,  a uniform  random  number  generator  (RNDM  (SEED)) 
is  used  where  SEED  is  the  seed  number  for  RNDM.  Each  call  to  RNDM 
(SEED)  yields  a fraction  RN,  where: 

- 1 < RN  < 1. 

The  call  is  made  M = (K-l)  ( I - 1 ) times  yielding  a series  of  uniformly 

distributed  random  numbers  RN'  where  m = 1,  2,  . ...  M.  These  are 

m 7 7 7 

normalized  as: 


M 

RN  = RN'  - 2 RN'  - 

m m - _ m 
m =1 


(3.12.20) 


The  thermal  perturbation  field  is  then  initialized  as: 

e-+i  ui  =0  RN 
i+^,k+^  max  m 


(3.12.21) 


where  m = i + (k-l)(I-l)  for  i = 1,  2,  ...,  1-2,  1-1  and  k = 1,  2, 
...,  K=2,  K-l.  Now,  9max  is  the  maximum  magnitude  of  thermal  pertur- 
bation which  may  occur  at  the  initial  time  and  is  a model  input 
parameter.  Note  that: 


1-1  K-l 
I 2 
i=l  k=l 


0. 


i+h,k+h 


0. 


(3.12.22) 


The  initial  disturbance  is  sometimes  confined  within  a limited 
vertical  region  of  the  model  domain,  i.e.  0.  . = 0 outside  the 
initial  disturbed  region  and  inside,  0 1 . 2 is  initialized  as  above. 
Note  that  an  appropriate  value  of  M is  chosen  and  Equation  (3.12.21) 
is  modified  in  a consistent  manner  such  that  Equation  (3.12.22)  is 
true.  For  the  preliminary  model  testing  (i.e.  Chapter  4),  alternative 


thermal  perturbation  initializations  were  tried,  e.g.  a warm  bubble. 
These  are  described  where  appropriate. 

In  summary,  the  input  parameters  for  a simulation  (other  than  for 
the  model  setup)  are:  T , p , RH  , V or  L , w , 0 or  some 

°1  °i  °k  °k  V 0 max 

alternate  thermal  pattern,  4*  if  desired,  the  initialization  parame- 

k 

ters  and  the  atmospheric  environment  external  to  the  model  domain. 

Once  the  initialization  phase  is  complete,  the  simulation  pro- 
ceeds as  in  Figure  20.  Within  each  rectangle,  the  computational 
procedure  given  in  the  appropriate  preceeding  sections  is  followed. 
Thus,  the  enclosed  operation  is  performed  at  all  the  relevant  grid 
points  before  proceeding  to  the  next  operation.  The  rationale  for  the 
overall  computational  procedure  adopted  during  a simulation  is  also 
discussed  in  Section  3.7. 


IV.  VALIDATION  OF  THE  NUMERICAL  MODEL 


The  purpose  of  this  chapter  is  to  present  some  of  the  general 
model  characteristics.  In  this  sense,  the  model  performance  is  base- 
lined.  The  series  of  experiments,  which  are  described,  provide  a 
rational  basis  upon  which  the  choices  of  specific  numerical  values 
for  certain  model  constants  are  made.  The  sensitivity  of  simulations 
to  these  specific  choices  are  interrelated  to  varying  degrees.  Limit- 
ed versions  of  the  model  are  used  for  many  of  the  simulations  reported 
here,  e.g.  a dry  version.  The  sensitivity  of  the  specific  parametric 
representation  of  the  v , C and  terms  is  deferred  until  the  next 
chapter,  i.e.  until  the  elementary  model  is  validated.  Some  compari- 
sons to  other  works  are  made  as  appropriate. 

The  model  constants,  which  are  considered  here,  are: 

ff°  : 

n : 

v : 

Ko  : 

K : 

q 

k£  : 

Nc  At  : 

d : 

and  (I-l)d: 

Except  for  the  diffusivity  coefficients,  these  parameters  are  purely 
computational  in  nature.  As  will  be  seen,  the  choices  of  specific 
numerical  values  for  the  eddy  diffusivity  coefficients  are  also  par- 
tially based  on  computational  consideration. 


the  initial  buoyancy  flip-flop  weighting  factor; 

the  filter  factor  for  the  filtered  leap  frog  time 
integration  scheme; 

the  eddy  viscosity; 

the  thermal  eddy  diffusivity; 

the  water  vapor  eddy  diffusivity; 

the  ice  water  eddy  diffusivity; 

the  phase  change  adjustment  time  scale; 

the  spacial  grid  interval; 

the  horizontal  grid  domain. 


In  the  course  of  performing  these  experiments,  the  stated 
conservation  properties  of  the  finite  difference  formulations  of  the 
advective  terms,  as  developed  in  Sections  (3.2)-(3.4),  were  verified. 
Conservation  of  the  relevant  quantities  was  found  to  ten  significant 
digits.  When  the  advective  schemes  are  coupled  with  the  time  integra- 
tion scheme,  the  same  accuracy  is  found  for  the  primary  quantities, 

e.g.  0 or  £.  However,  trends  may  be  present  in  squared  quantities, 

2 2 

i.e.  £ or  (0  + 0q)  . This  is  due  to  the  phase  shifting  properties  of 
the  filtered  leap  frog  scheme.  These  trends  may  be  suppressed  by  the 
proper  choice  of  q. 

4. 1 Time  Filter  and  Buoyancy  Weighting  Factors 

The  use  of  the  flip-flop  weighting  scheme  for  the  evaluation  of 
the  buoyancy  vorticity  generation  term  stimulates  the  time-splitting 
computational  mode  in  the  leap  frog  time  integration  scheme.  In  this 
sense,  the  choice  of  ff°  and  q are  coupled  to  some  degree.  Though 
there  are  other  sources  which  may  stimulate  the  time-splitting  mode  in 
the  full  model,  it  is  instructive  to  consider  just  these  two  parame- 
ters. The  model  used  for  these  tests  has  been  stripped  of  the  phase 
change,  radiative,  diffusive  and  basic  state  vertical  velocity  compon- 
ents. Thus,  the  model  incorporates  only  the  perturbation  advective 
terms  in  the  governing  prognostic  equations  for  £,  0 and  q in  addition 
to  the  vorticity  generation/destruction  term.  The  ice  water  equation 
is  not  evaluated. 

The  model  is  initialized  with  a basic  state,  denoted  BASIC  1 as 
depicted  in  Figure  21.  The  stability  structure  is  similar  to  that 
commonly  observed  in  conjunction  with  middle  and  upper  tropospheric 
cloud  layers  in  the  midlatitudes  (e.g.  Heymsfield,  1975a;  Yagi,  1969 
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Figure  21.  BASIC  1 initial  state  for  potential  temperature  0q; 

temperature,  TQ;  and  relative  humidity  with  respect 
to  ice,  RHj.  The  corresponding  basic  state  static 
stability  structure  is  noted  on  the  left  where 
denotes  a pseudo  moist  adiabatic  stratification. 


and  Starr  and  Cox,  1980).  In  the  upper  portion  of  the  layer,  the 
basic  state  stratification  is  4°K/km  more  stable  than  neutral,  i.e. 
psuedo-moist  adiabatic.  In  the  central  region,  the  basic  state  is 
neutrally  stratified  and  in  the  lower  portion  it  is  1.5°K/km  more 
stable  than  neutral.  The  assumed  moisture  structure  is  plotted  in 
terms  of  the  relative  humidity  with  respect  to  ice,  RH^.  The  neutral 
layer  is  0.6  km  thick.  The  domain  is  specified  as  K = 32  and  I = 64, 
i.e.  6.3  km  in  the  horizontal.  All  perturbation  fields  are  initial- 
ized to  zero  except  for  0,  which  is  randomly  perturbed  in  the  region 
from  6.5  km  to  7.6  km  elevation.  The  maximum  perturbation  magnitude 
is  ^ 0.1°K  corresponding  to  that  observed  by  Heymsfield  (1975b)  in  a 
cirrus  uncinus  cloud.  This  value  is  appropriate  for  the  case  here 
where  d = 100  m.  The  mean  perturbation  magnitude  is  ~ 0.05°K  over  the 
perturbed  region. 

The  previously  stated  choice  of  ff°  = (section  3.7)  is  somewhat 
arbitrary.  This  value  is  sufficiently  less  than  \ such  that  Checker- 
board1* noise  patterns  do  not  persist.  In  Figure  22,  the  layer  mean 
kinetic  energy,  TKE,  is  plotted  as  a function  of  time  for  three  sim- 
ulations employed  different  value  of  r\  for  ff°  = \ Kinetic  energy  is 

defined  in  the  usual  way  as: 
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TKE  = Ui+h,k+h  + W_i+h^h 

i+h,k+h  22 


(4.1) 


at  thermodynamic  grid  point  (i+^,k+^),  where  for  analysis  purposes: 

_ ijM’i.k  + l'i+i.k*  (»i,k+i  * W i 

l+h,k+h  d | 2 2 ) 
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Figure  22.  Lfean  layer  perturbation  kinetic  energy,  TKE,  versus  time 
for  simulations  from  an  identical  initial  state  (i.e. 
BASIC  1 and  random  perturbations  of  0 ) using  a model  ver- 
sion which  is  identical  in  each  case  except  for  the 
specification  of  the  time  filter  factor,  p,  and  the 
buoyancy  weighting  factor,  ff°.  (No  phase  change, 
radiation,  or  eddy  diffusion  processes  included). 


Now, 


S = 


I K 


I'  K' 

I IS.,., 
i=i  k=i  1 ’ k 


(4.3) 


for  any  quantity  S where  I'  = I,  K"  = K,  i'  = i and  k'  = k when  S is 
defined  at  dynamic  grid  points  and  I'  = 1=1,  K'  = K-l,  i'  = and 
k'  = k+%  when  S is  defined  at  thermodynamic  grid  points  as  with  TKE. 

As  defined  by  Equation  (4.1),  the  kinetic  energy  excludes  con- 
tribution due  to  the  basic  state  vertical  velocity  and  is  therefore 
denoted  TKE,  i.e.  turbulent  or  perturbation  kinetic  energy.  Recall 

that  in  these  simulations  V = = K =0. 

0 q 

What  is  of  interest  here  are  the  short  period  oscillations  in  the 
solution,  i.e.  ^ 2At  = 60s.  These  show  the  time-splitting  nature  of 
the  leap  frog  scheme.  Note  that  the  Euler  forward  scheme  is  never 
employed  once  the  simulation  is  initiated.  With  this  initialization, 
the  simulation  should  proceed  as  an  adjustment  process  where  potential 
energy  available  via  the  horizontal  gradients  of  perturbation  poten- 
tial temperature  is  converted  to  kinetic  energy.  The  generated  kine- 
tic energy  may  be  destroyed  by  buoyancy  forces  as  is  the  case  of  a 
positively  buoyant  bubble  penetrating  the  relatively  stable  layer  in 
the  upper  portion  of  the  domain.  In  this  sense,  the  kinetic  energy  is 
converted  back  to  potential  energy  and  the  net  effect  has  been  simply 
a redistribution  of  potential  temperature.  This  end  state  should  be 
stably  or  neutrally  stratified  every  where  and  horizontally  uniform. 
Oscillations  about  this  end  state  are  anticipated  and  physical  since 
internal  gravity  waves  are  produced  when  a buoyant  plane  penetrates  a 
relatively  stable  layer.  Furthermore,  since  the  initial  perturbations 


are  randomly  distributed  and  of  varying  amplitudes,  one  may  expect 
local  disturbances  to  evolve  on  varying  space  scales  with  different 
propagation  speeds.  Thus,  even  in  the  continuous  case,  monotonically 
smooth  behavior  of  TKE  is  not  expected.  Therefore,  the  long  period 
8 min)  oscillation  of  the  solution  is  not  cause  for  concern. 

What  is  seen  in  these  simulations  is  that  after  ^ 13  minutes  some 
time-splitting  is  evident  in  each  case.  The  amplitude  of  the  time- 
splitting oscillation  diminishes  as  r|  is  increased.  In  the  case  of 
r|  = 0.10,  the  oscillation  is  becoming  unstable  as  time  progresses. 
However,  computational  instability  due  to  the  time-splitting  mode  as 
in  Lilly  (1965)  was  not  encountered  after  one  hour  of  simulated  time. 
This  may  be  more  a fortuitous  result  of  damping  due  to  the  structure 
of  the  prescribed  basic  state  than  due  to  the  time  filter.  In  either 
of  the  other  cases,  though  time-splitting  is  evident,  no  unstable 
growth  of  the  2At  oscillation  occurs. 

For  r|  < 0.25,  the  mean  thermal  perturbation  amplitude  (i.e.  0 , 
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which  is  analogous  to  (0  + 0 ) ) amplified  with  time,  while  for  r|  > 

0.25  it  decayed.  This  is  consistent  with  the  results  of  Asselin 

(1972),  where  a choice  of  r|  = 0.25  yielded  essentially  no  phase  error 

in  the  filtered  leap  frog  time  integration  scheme.  Note  that  these 

trends  were  computed  by  a two  time  step  running  mean  though  this  was 

unnecessary  in  the  case  of  r|  ^ 0.25  where  the  2At  oscillations  were 
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not  found  in  (0  + 0 ) to  ten  significant  digits.  The  same  relative 
trends  were  found  for  £ and  TKE  in  the  2At  averages,  i.e.  compared  to 
r|  = 0.25.  It  is  concluded  that  for  r\  > 0.25,  the  solution  is  computa- 
tionally damped,  while  for  r|  < 0.25  it  exhibits  some  computational 
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Figure  23.  Mean  layer  perturbation  kinetic  energy,  TKE,  versus  time 
for  simulations  from  an  identical  initial  state  (i.e. 

BASIC  1 and  random  perturbations  of  0 ) using  a model 
version  which  is  identical  in  each  cage,  except  for  the 
specification  of  the  eddy  viscosity,  v . (No  phase  change, 
radiation  or  eddy  thermal  or  water  vapor  diffusion  pro- 
cesses included.  ) 


instability.  The  choice  of  q = 0.25  yields  the  desired  behavior  of  the 
advective  schemes  (Arakawa , 1966). 

A different  value  of  ff°  was  tried,  i.e.  ff°  = 0.45.  As  seen  in 
Figure  22,  in  the  case  of  q = 0.25,  the  time-splitting  mode  is  smaller 
in  amplitude  than  in  the  case  of  q = 0.25  and  ff°  = In  all  re- 

spects, the  solution  was  damped  in  the  case  of  ff°  = 0.45  compared  to 
the  case  of  ff°  = h when  q = 0.25,  e.g.  0 decreased  with  time.  This 
may  be  attributed  to  some  locking  in  of  Checkerboard"  patterns  in  0 
which  prevent  the  proper  generation  of  TKE.  Hereafter  q = 0.25  and 
ff°  = \ are  prescribed  in  all  experiments  unless  noted  otherwise. 

4.2  Eddy  Viscosity 

The  coefficient  of  eddy  viscosity  is  now  considered.  Two  series 
of  experiments  were  performed.  In  the  first,  the  same  basic  state  and 
perturbation  initialization,  as  described  in  Section  4.1,  was  employ- 
ed. The  same  model  version  was  used  except  that  the  eddy  viscosity 
term  was  turned  on.  In  Figure  23,  the  time  dependent  behavior  of  the 
ratio  [TKE/TKE  (max)]  is  shown  for  various  specified  values  of  v-  The 
maximum  value  of  TKE  occurred  at  t = 4 min  in  each  experiment.  Only 
the  one-minute  values  are  plotted.  Thus,  the  time-splitting  mode  does 
not  show  up  in  these  plots.  The  TKE  reaches  smaller  maximum  values 
and  decays  more  rapidly  as  V is  increased.  The  ratios  of  [TKE  (max^  / 

TKE  (max)^_^]  were  0.984,  0.968,  0.938,  0.880  in  the  case  of  v = 0.25, 
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0.50,  1.0  and  2.0  m s , respectively.  It  is  seen  that  the  larger 
values  of  V also  increase  the  damping  of  the  longer  period  oscilla- 
tions in  the  solution.  Increasing  the  prescribed  value  of  the  eddy 
viscosity  coefficient  causes  a larger  proportion  of  the  TKE  to  be 


found  at  longer  wave  lengths  as  it  effectively  damps  the  smallest 
waves  as  time  progresses.  It  also  damps  the  propagation  speed  of  any 
thermals  which  are  present  and  reduces  the  amplitude  of  any  internal 
gravity  waves  which  evolve.  In  addition,  the  amplitude  of  the  time- 
splitting oscillation  in  the  solution  is  reduced. 

In  prescribing  the  value  of  v,  one  is  essentially  setting  a decay 
time  scale  for  motions  at  various  scales.  In  this  sense,  the  rate  at 
which  a given  disturbance  runs  down  via  viscous  diffusion  is  a func- 
tion of  the  wave-length  dependent  kinetic  energy  power  spectrum,  i.e. 
a disturbance  with  most  of  its  energy  at  the  shorter  wave  length  will 
decay  faster  than  one  which  is  organized  at  larger  scales  for  a given 
value  of  V.  Given  the  initialization  employed  here,  most  of  the 
energy  is  initially  concentrated  at  the  shorter  wave  lengths. 

If  a disturbance  decay  time  scale  t is  defined  as  the  time  it 
takes  a disturbance  to  decay  to  1/e  of  its  maximum  intensity  where  the 
intensity  is  evaluated  in  terms  of  TKE , X ~ 50,  36  and  22  minutes  for 
the  simulations  with  V = 0.5,  1.0  and  2.0,  respectively.  An  alternate 
definition  of  t where  £ is  used  to  evaluate  the  intensity  yields  es- 
sentially the  same  results.  However,  X is  not  an  eddy  viscous  relaxa- 
tion time  scale  since  it  includes  the  effects  of  buoyancy  processes.  A 
second  set  of  experiments  was  performed  in  an  attempt  to  establish  an 
eddy  viscous  decay  time  scale  X^  for  various  values  of  V.  The  value 
of  x^  is  evaluated  similarly  to  X. 

These  simulations  are  based  on  a model  version  where  the  thermo- 
dynamic and  water  equations  are  eliminated.  Thus,  only  the  perturba- 
tion advection  term  and  the  eddy  viscous  term  are  retained  in  the  re- 
maining prognostic  equation  for  £.  The  domain  geometry  is  identical 


to  that  noted  previously.  The  initialization  procedure  involves 
specifying  only  a perturbation  vorticity  value  at  all  dynamic  grid 
points.  This  was  done  in  a fashion  similar  to  that  noted  in  Section 
(3.12)  for  0.  A different  seed  number  was  employed  to  generate  two 
initial  fields.  These  fields  were  substantially  different  in  their 
respective  random  organization  of  TKE  at  various  scales.  In  Figure 
24,  the  temporal  decay  from  their  initial  values  of  both  TKE  and  £ is 
shown  for  various  specified  values  of  V for  each  initial  state.  The 
slight  damping  of  the  solutions  in  the  cases  where  V = 0 is  due  to  the 
time  filter  (r|  = 0.2). 

The  differences  in  the  rates  at  which  TKE  decays  between  simula- 
tions from  each  prescribed  initial  state  for  a given  value  of  v re- 
flect the  differences  in  scale  organization  in  the  respective  initial 

disturbances.  The  value  of  t based  on  TKE  is  ^ 2 hr  and  ^ 4 hr  for 

V 

2-1  2-1 
V = 1.0  m s and  ^ 19  min  and  67  min  for  V = 5.0  m s for  the  two 

respective  initial  states.  The  magnitude  of  in  these  cases  is  in- 
dicative of  the  fact  that  the  initial  TKE  may  be  dominated  by  larger 

scale  motions  by  virtue  of  Equations  (2.12),  (2.13)  and  (4.1)  even 

2 

though  the  initial  wave-length  power  spectrum  of  £ is  dominated  by 

2 

the  shorter  wave  lengths.  Based  on  £ , t ^ 24  minutes  in  both  of 

2-1  2 
these  cases  where  V=  1.0  m s . The  value  of  t based  on  t is  a 

V * 

better  measure  of  the  eddy  viscous  decay  time  scale  for  the  smallest 
scale  resolved  motions  in  these  cases. 

Observations  indicate  that  for  environments,  which  are  similar  to 
BASIC  1,  small  scale  convective  updrafts  in  cirriform  clouds  have 
lifetimes  of  order  ^15-20  minutes  (Heymsfield,  1975  b,  c;  Ludlam, 
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Figure  24..  (a)  Mean  layer  perturbation  kinetic  energy,  TKE,  and  (b)  mean  layer  perturbation  enstrophy,  £ , 

versus  time  for  simulations  from  two  different  initial  states  (dashed  and  solid,  respec- 
tively) for  various  specified  eddy  viscosity  coefficients,  tf,  using  a model  version  where 
only  the  advective  and  eddy  viscosity  terms  are  evaluated  in  the  governing  dynamic  equation. 
The  initial  states  are  each  based  on  random  perturbations  of  the  perturbation  vorticity, 
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1947).  A specification  of  T^  = 24  minutes,  i.e.V  = 1.0  m s , seems 

reasonable  since  when  the  thermal  and  water  vapor  eddy  diffusivity 

terms  are  engaged,  the  value  of  t = 36  minutes,  noted  previously  for 
2 -1 

V = 1.0  m s , where  buoyancy  processes  are  acting,  will  be  reduced. 

This  is  shown  in  the  next  section.  Hereafter,  except  where  noted, 
2 -1 

V = 1.0  m s is  specified  for  all  simulations.  It  must  be  recog- 
nized that  although  the  corresponding  eddy  viscous  relaxation  time 
scale  seems  reasonable,  this  is  a somewhat  arbitrary  choice.  Asai  and 
Nakamura  (1978)  have  used  the  same  value  in  a similar  model  (d  = 100 
m)  which  successfully  simulated  atmospheric  convection  in  the  atmo- 
spheric boundary  layer.  Only  analyses  of  observation  data  on  turbu- 
lent quantities  at  space  scales  less  than  100  m would  allow  the  most 
appropriate  value  of  V to  be  established.  Such  data  do  not  present- 
ly exist  for  cirriform  cloud  layers. 

4.3  Thermal  and  Water  Vapor  Eddy  Dif fusivities 

The  choice  of  specific  numerical  values  for  K~  and  K is  influ- 

6 q 

enced  by  both  computational  and  physical  considerations.  Recall  that 
the  eddy  diffusivity  terms  represent  the  physical  process  of  subgrid 
scale  unresolved  transports  as  described  in  Chapter  2 and,  also,  act 
to  eliminate  unwanted  computational  modes  due  to  truncation  errors 
resulting  from  the  finite  difference  approximations  to  the  continuous 
form  of  the  advective  terms  as  noted  in  Section  3.4.  Since  physically 
both  the  thermal  and  water  vapor  diffusion  are  highly  related  to  the 
unresolved  turbulent  velocity  fields  and  both  are  properties  of  the 
gas,  it  seems  reasonable  to  impose  the  condition  that: 


Hereafter,  this  assumption  is  always  made  though  not  always  explicitly 
mentioned.  The  validity  of  this  assumption  is  further  supported  by 
the  computational  consideration  that  the  same  advective  schemes  are 
employed  for  0 and  q.  The  choice  of  is  deferred  since  £ is  not  a 
gas  property  and  the  corresponding  subgrid  scale  turbulent  wind  field 
must  reflect  the  particle  nature  of  the  components  of  £ (e.g.  drag 
forces).  The  advective  scheme  also  differs  from  that  employed  for  0 
or  q. 

Two  series  of  experiments  were  performed.  The  first  is  similar 
to  those  described  in  the  preceeding  sections.  The  second  set  of 
experiments  is  an  attempt  to  generate  results,  which  are  directly 
comparable  to  the  classic  experiments  of  Arnason  et  al.  (1968)  on 
buoyant  convection.  The  latter  experiments  are  focussed  on  establish- 
ing the  computational  requirements  on  Kn. 

The  model  employed  for  the  first  set  of  experiments  incorporates 
all  terms  in  the  governing  equations  except  the  phase  change,  radia- 
tive and  large  scale  vertical  velocity  terms.  Thus,  the  ice  water 
equation  is  not  evaluated.  The  initial  state  is  BASIC  1 and  the 
perturbation  fields  are  initialized  as  noted  previously,  i.e.  random 
perturbations  on  0 only.  In  Figure  25,  the  time  dependent  behavior  of 

[TKE/TKE  (max)]  is  depicted  in  the  case  where  K is  specified  as  equal 
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to  0.0,  1.0,  2.0  and  4.0  m s , respectively.  In  each  case,  V = 1.0 
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ms  is  specified.  Again,  only  the  one-minute  values  are  plotted. 

As  the  value  of  Kq  is  increased,  the  maximum  value  of  TKE  achieved 

during  a simulation  is  decreased.  The  ratio  [TKE(max)  /TKE(max)  ] 

K K — U 

is  0.928,  0.862,  0.756  in  the  case  of  K = 1.0,  2.0  and  4.0  m2  s”1, 
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respectively.  It  should,  also,  be  noted  that  for  K = 4.0  m s , TKE 
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Figure  25.  Mean  layer  perturbation  kinetic  energy,  TKE,  versus  time 
for  simulations  from  an  identical  initial  state  (i.e. 
BASIC  1 and  random  perturbations  of  0 ) using  a model 
version  which  is  identical  in  each  case  except  for  the 
specification  of  the  thermal  and  water  vapor  eddy  diffu- 
sivities,  Kg  and  Kq,  respectively.  (No  phase  change  or 
radiative  processes  included) . 


(max)  occurs  at  3.5  minutes  instead  of  4 minutes  as  in  the  other 
simulations . 

The  effect  of  the  diffusion  terms  for  0 and  q is  to  smooth  the 
respective  gradients  of  these  quantities  in  space.  The  smoothing  is 
primarily  active  on  2d  scale  waves  though  as  time  progresses  it  af- 
fects all  scales  of  the  disturbance.  Thus,  as  K is  increased,  the 
horizontal  gradients  responsible  for  the  buoyant  generation  of  TKE  are 
reduced.  Therefore,  not  only  does  TKE  (max)  decrease  as  K is  in- 
creased, but  the  decay  rate  from  maximum  disturbance  intensity  is 

increased.  For  these  simulations,  T = 36,  20,  15  and  10  minutes  for  K 
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- 0.0,  1.0,  2.0  and  4.0  m s . Based  on  the  observations  discussed 
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previously,  a value  of  K = 1.0  * 2.0  m s yields  reasonable  decay 
time  scales  for  a disturbance  such  as  simulated  here. 

An  assumption  generally  employed  in  first  order  turbulence 
closure  schemes  is  that  V = kq  = K^.  Asai  and  Nakamura  (1978)  make 
this  assumption  for  a simple  first  order  scheme  as  here.  A comparable 
assumption  is  commonly  made  in  more  complicated  first  order  schemes 
(Lilly,  1962).  The  physical  basis  for  such  an  assumption  is  rather 
tenuous.  Fundamentally,  the  observational  information  necessary  to 
justify  such  an  assumption  is  almost  totally  lacking  in  the  case  of 
middle  and  upper  tropospheric  cloud  layers. 

Before  choosing  Kq,  some  computational  considerations  must  be 
made.  Such  considerations  are  particularly  appropriate  for  K^,  where 
nonphysical  modes  in  the  solution  may  be  readily  identified,  e.g.  the 
occurrence  of  negative  values  of  0 in  the  case  of  dry  convection  in  a 
neutral  environment.  This  type  of  nonphysical  mode  results  from 
truncation  errors  due  to  the  finite  difference  approximation  of  the 


advective  term,  i.e.  linear  interpolation  for  midpoint  values  between 
grid  points  may  be  inadequate  to  resolve  the  true  continuous  behavior 
on  this  space  scale.  The  diffusion  term  acts  to  smooth  the  field  on 
this  scale  such  that  the  interpolation  assumption  is  more  valid  and 
the  nonphysical  modes  are  correspondingly  suppressed. 

The  model  employed  for  the  following  simulations  is  a dry  ver- 
sion. Only  the  governing  dynamic  and  thermodynamic  equations  are 
evaluated.  The  water  terms  in  the  governing  dynamic  equation,  i.e.  in 
B,  are  eliminated  as  are  the  phase  change  and  radiative  terms  in  the 
thermodynamic  equation.  Also  deleted  are  the  eddy  viscous  diffusion 
term  (i.e.  V = 0)  and  the  basic  state  vertical  velocity  term.  The 
eddy  thermal  diffusion  term  is  retained.  This  version  of  the  model  is 
very  similar  to  a dry  model  reported  by  Arnason  et  al.  (1968),  here- 
after denoted  A.  Their  numerical  techniques  are  substantially  dif- 
ferent than  those  employed  here.  The  major  difference  is  in  the  time 
integration  scheme  employed  for  the  thermodynamic  equation.  They  use 
the  Lax-Wendroff  two-step  scheme  described  by  Richtmyer  (1962). 
Effectively,  this  scheme  simulates  an  eddy  diffusion  term  where  the 
local  thermal  eddy  diffusivity  is  diagnosed  from  the  specified  values 
of  d,  At  and  the  local  wind  component.  In  this  sense,  their  model 
incorporates  a variable  K^.  As  will  be  seen  later,  the  advective 
scheme,  when  coupled  with  the  time  integration  scheme,  is  consequently 
nonconservative  in  6.  The  thermal  eddy  diffusion  term  is  formally 
retained  in  the  model  here  though  it  does  not  formally  appear  in  their 
governing  equations. 

The  same  spacial  domain  and  grid  geometry,  noted  previously,  are 
employed.  These  are  identical  in  the  case  of  d and  nearly  identical 


in  the  case  of  I and  K to  those  employed  by  A.  The  potential 
temperature  basic  state  is  initialized  to  294°K  everywhere,  i.e. 
neutral,  and  the  disturbance  is  initialized  via  perturbation  potential 
temperature  to  a warm  bubble  as  shown  in  Figure  26.  Again  this  is 
nearly  identical  to  that  employed  by  A.  Note  that  the  fields  are 
symmetric  about  x = 3.15  km.  Also,  z = h^  = 0.  The  maximum  value  of 

D 

0 is  0.38°K.  Recall  that  this  value  is  much  larger  than  anticipated 

in  the  case  of  cirriform  cloud  layers.  A time  step  of  At  = 15  seconds 

is  prescribed  due  to  the  anticipated  wind  speeds. 

Simulations  from  this  initial  state  were  carried  out  for  four 
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specified  values  of  KQ,  i.e.  kq  = 0.0,  2.5,  5.0  and  7.5  m s . The 
simulations  were  terminated  after  20  minutes  as  the  boundary  condi- 
tions begin  to  influence  the  disturbance  in  an  unrealistic  manner  at 
this  point.  In  Figures  27,  28  and  29,  the  fields  of  perturbation 
potential  temperature  are  shown  after  5,  10  and  20  minutes  of  simu- 

lated time,  respectively,  for  each  Kg  experiment.  The  corresponding 
fields  of  i|>  are  shown  in  Figures  30,  31  and  32.  They  are  negatively 
symmetric  about  x = 3.15  km.  For  comparison,  the  fields  of  0 and  \\) 
after  5 and  10  minutes  of  simulated  time,  which  were  given  by  A,  are 

reproduced  in  Figure  33.  Note  that  the  units  employed  here  for  tjj  are 

2 

different  by  a factor  of  10  from  those  employed  by  A. 

As  seen  in  Figure  27,  the  effect  of  increasing  the  specified 
value  of  Kg  is  to  decrease  the  maximum  thermal  perturbation,  which  is 
very  noticeable  even  after  5 minutes  for  the  values  employed  here. 
Similarly,  the  growth  in  the  intensity  of  the  circulation  is  compar- 
ably reduced  (Figure  30).  These  effects  persist  in  time  as  seen  in 
the  remaining  figures.  It  is  of  note  that  the  thermal  pattern  evolves 
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Figure  26.  Initial  perturbation  potential  temperature,  0, 
in  °C  as  in  Amason  et  al.  (1968).  Note  that 
the  field  is  symmetric  about  x = 3.15  km.  The 
contour  interval  is  0.05°C  and  the  * line  indi- 
cates the  0 = 0°C  contour  (in  this  case,  0=0° 
everywhere  outside  this  contour). 
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Figure  27.  Perturbation  potential  temperature,  0,  in  °C  after  5 minutes 
of  simulated  time  for  simulations  from  an  identical  initial 
state  (i.e.  statically  neutral  basic  state  and  initial  ther- 
mal perturbation  field  as  depicted  in  Figure  26)  using  a dry 
model  version  identical  in  each  case  except  for  the  specifi- 
cation of  the  thermal  eddy  diffusivity,  tc.  = 0.0  (a),  2.5 
(b),  5.0  (c),  7.5  (d)  m^  s-^.  Note  that  the  simulations  are 
symmetric  about  x = 3.15  km.  The  contour  interval  is  0.05°C 
and  the  * line  indicates  the  0 = 0°C  contour. 
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Figure  28.  Same  as  Figure  27,  except  at  t = 10  minutes  simulated  time 
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Figure  30.  Perturbation  stream  function,  ip,  in  m s after  5 minutes 
simulated  time  for  simulations  from  an  identical  initial 
state  (i.e.  statically  neutral  basic  state  and  initial 
thermal  perturbation  field  as  depicted  in  Figure  26)  using 
a dry  model  version  identical  in  each  case  except  for  the 
specification  of  the  thermal  eddy  diffusivity,  Ka  = 0.0  (a), 
2.5  (b),  5.0  (c)  and  7.5  (d)  m2  s“l.  Note  that  xhe  simula- 
tions are  symmetric  about  x = 3-15  km.  The  contour  inverval 
is  100  m2  and  the  arrows  indicate  the  direction  of  the 
flow. 
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Figure  33.  Perturbation  potential  temperature,  9,  in  °C  (dashed  lines)  and  perturbation  streamfunction, 
<J>,  in  m2  s“l  times  10~2  (solid  lines)  after  (a)  5 minutes  and  (b)  10  minutes  simulated  time 
for  simulations  of  dry  convection  in  a statically  neutral  environment  initialized  approxi- 
mately as  in  Figure  26.  (From  Amason  et  al.,  1968). 


to  a mushroom-shaped  bubble  by  10  minutes  (Figure  28)  . This  is  very 
similar  to  the  results  of  A (Figure  33).  At  this  time,  the  first 
significant  indication  of  a nonphysical  mode,  i.e.  0 < 0,  occurs  in 
the  center  of  the  disturbance  in  the  case  of  Kfl  = 0.  After  20  min- 
utes,  the  thermal  perturbation  pattern  has  become  even  more  deformed 
in  all  cases  (Figure  29).  In  three  dimensions,  the  pattern  may  be 
interpreted  as  a ring  in  the  horizontal  much  like  a smoke  ring.  In 
the  case  of  = 0,  the  nonphysical  mode  predominates  in  the  central 
core  of  the  bubble.  The  amplitude  of  this  mode  is  substantial.  This 
region  corresponds  to  the  region  of  highest  wind  velocity  as  may  be 
deduced  from  Figure  32. 

The  0 < 0 mode  occurs  in  each  simulation  though  its  magnitude  is 

suppressed  as  is  increased.  This  may  be  seen  in  Figure  34,  where 

the  minimum  value  of  0 occurring  within  the  domain  is  plotted  as  a 

function  of  time  at  one-minute  intervals  for  each  simulation.  Prior 

to  t = 8 minutes,  the  0 < 0 mode  is  relatively  insignificant  in  all 
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cases.  In  the  case  of  Kg  = 7.5  m s , the  0 < 0 mode  is  almost 

totally  suppressed  at  all  times.  The  maximum  amplitude  of  the  0 < 0 
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mode  may  be  tolerable  in  the  case  of  K = 5 m s while  for  KQ  = 2.5 

U b 

m^  s \ it  is  too  large  to  ignore. 

The  time  dependent  behavior  of  the  maximum  thermal  perturbation 
is  shown  in  Figure  35  for  each  simulation.  Only  the  one-minute  values 
are  plotted  as  the  15-second  values  are  somewhat  more  noisy.  The  data 
points  corresponding  to  the  simulation  reported  by  A are  included  for 
comparison.  Physically,  each  curve  should  be  monotonically  decreasing 
with  time  as  it  is  impossible  to  mix  two  parcels  of  air  and  achieve 
a higher  potential  temperature  than  either  had  initially.  Again,  the 
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Figure  34.  Minimum  value  of  perturbation  potential  temperature,  0, 
occurring  within  the  domain  as  a function  of  time  for 
simulations  from  the  same  initial  state  (neutral  basic 
state  and  initial  thermal  perturbation  fields  depicted  in 
Figure  26)  using  a dry  model  version  identical  in  each 
case  except  for  the  specification  of  the  thermal  eddy 
diffusivity,  kq. 
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Figure  35.  Same  as  Figure  34,  except  for  maximum  value 
of  perturbation  potential  temperature . 
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= 7.5  m s simulation  almost  totally  suppressed  this 
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computational  mode  while  the  results  for  Kn  = 5 . 0 m s exhibit  a 
tolerable  error.  The  diffusive  effect  of  the  resolved  wind  field  may 
be  quantified  by  the  decay  of  ®max(t)  from  its  maximum  value  in  the 
case  of  Kg  = 0.  The  additional  diffusive  effect  of  the  unresolved 
turbulent  wind  field,  i.e.  thermal  eddy  diffusion,  is  seen  to  be  of 
secondary  importance  in  modulating  0 in  nil  cases  for  the  values  of 


Kq  invoked  here. 
0 


-1 


It  is  of  note  that  vertical  wind  speeds  in  excess  of  2.5  m s 

occur  after  ^ 10  minutes  simulated  time  in  all  cases.  This  together 

with  the  fact  that  the  initial  thermal  perturbation  is  over  twice  the 

magnitude  that  is  anticipated  in  the  model  application  here,  i.e. 

cirriform  cloud  layers,  leads  to  the  conclusion  that  truncation  errors 

and  the  resulting  nonphysical  modes  will  be  much  less  of  a problem 

than  in  these  example  cases.  For  the  cirriform  cloud  application, 
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where  the  vertical  wind  speeds  are  likely  to  be  less  than  0.8  m s , 

2-1  2 
Kg  21  1-0  m s yields  relative  errors  comparable  to  the  Kfl  = 5.0  m 


6 


s case  here. 

For  completeness,  the  energetics  of  these  simulations  are  con- 
sidered. Following  from  A,  the  potential  energy  is  defined  here  as: 


PE  = - (0/0Q)  g z (4.4) 

and,  thus,  is  a perturbation  potential  energy  and  is  always  negative. 
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In  Table  6,  the  simulation  here  with  Kg  = 5 m s is  compared  to  that 
of  A.  It  may  be  immediately  concluded  that  the  model  of  A is  not  con- 
servative in  potential  temperature,  i.e.  0.  As  noted  previously,  this 


is  a consequence  of  their  formulation  of  the  Lax-Wendroff  scheme  where 


Time 

(min) 


[e/e(t=o)] 


[ (PE(t=0)  - PE)/TKE] 


TKE 

(m2  s”2)  x 102 


0 

1.00 

1.00 

0.0 

0.0 

- 

- 

5 

1.00 

1.00 

1.3 

1.5 

1.00 

1.01 

10 

0.99 

1.00 

5.2 

5.1 

0.94 

1.01 

15 

0.93 

1.00 

10.0 

9.1 

0.88 

1.01 

20 

0.86 

1.00 

13.8 

12.5 

0.81 

1.01 

Table  6. 
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Comparison  between  the  present  experiment  with  Kg  = 5 m s 

(right-hand  columns)  and  that  of  Arnason  et  al.  (1968) 
(left-hand  columns).  See  text  for  definition  and  discus- 

sion. 


the  point-point  exchanges  are  not  mutually  conservative.  The  model 
here  is  much  superior  in  this  regard.  The  buoyant  generation  of  TKE 
is  very  comparable  in  the  two  simulations.  The  model  of  A exhibits  a 
somewhat  more  intense  circulation  through  the  latter  stages  of  the 
simulations.  As  a consequence  of  the  nonconservation  of  0,  the  energy 
transformation  PE  *>  TKE  shows  a loss  in  total  energy  as  time  pro- 
gresses in  the  experiment  of  A,  i.e.  PE  is  being  lost  without  being 
transformed  to  TKE.  Given  this,  it  is  somewhat  surprising  that  their 
values  of  TKE  are  larger  than  the  values  here  at  most  times.  However, 

this  may  be  explained  by  noting  that  their  effective  thermal  diffusiv- 
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lty  may  be  less  than  5 m s when  averaged  over  the  disturbed  region 
though  it  is  locally  much  larger  in  the  core.  For  example,  the  kq  = 

o 
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2.5  m s simulation  yielded  larger  values  of  TKE  by  about  4%  at  all 

times  when  compared  to  the  Kq  = 5.0  simulation.  The  seeming  gain  in 

total  energy  for  the  present  experiment  is  not  actually  a gain.  The 

filtered  leap  frog  scheme  employed  here  leads  to  a slight  damping  (q  = 

0.3)  in  the  TKE.  Thus,  a small  amount  of  TKE  is  being  continuously 

lost  after  the  PE  TKE  conversion.  This  effect  is  comparable  to  a 

slight  eddy  viscous  damping  of  the  system. 

In  conclusion,  the  model  performance  is  very  satisfactory  to  this 

point.  The  simulations  show  a high  degree  of  realism  when  considering 

the  evolution  of  the  shape  of  a warm  bubble  in  a neutral  environment. 

In  some  aspects,  namely  the  numerical  techniques  and  the  enforcement 

of  physical  conservation  laws,  the  model  may  be  regarded  as  superior 

to  some  previously  reported  models  of  an  essentially  similar  nature. 

2 -1 

For  the  application  envisioned  here,  a choice  of  Kg  = K = 1.0  m s 
should  adequately  suppress  nonphysical  computational  modes  arising 


2 

from  truncation  errors.  Given  the  previous  choice  of  V = 1.0  m s 

this  value  gives  a reasonable  decay  time  (t  ~ 20  min)  for  disturbances 

typical  of  cirrus  cloud  layers  where  only  buoyancy  forces  and  eddy 

processes  are  acting  (i.e.  viscous,  thermal  and  water  vapor  diffusion) 

in  the  absence  of  any  internal  energy  sources  or  external  forcing. 

Taken  together,  these  choices  for  v,  kq  and  K are  consistent  with 

0 q 

those  made  by  other  workers,  e.g.  Asia  and  Nakamura  (1978)  and  Lilly 
(1965).  These  values  are  used  in  all  succeeding  simulations  unless 


noted  otherwise. 
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APPENDIX  A:  COMPUTATION  OF  SATURATION  VAPOR  PRESSURE 


The  evaluation  of  saturation  water  vapor  pressure,  e , is  based 

s 

on  saturation  with  respect  to  a plane  surface  of  liquid  or  ice  water 
depending  on  which  non-vapor  phase  is  being  considered.  Effects  due  to 
the  shape  of  the  particles  or  the  presence  of  contaminating  substances 
are  ignored.  A sixth  order  polynomial  representation  of  e^(T)  is  used. 

o 

The  polynomial  was  obtained  by  fitting. the  Goff-Gratch  formulation, 
which  is  taken  as  the  standard  (List,  1966).  The  computational  economy 
of  this  approach  has  been  well  documented  (Lowe,  1977). 

The  fitting  procedure  is  similar  to  that  employed  by  Lowe  (1977). 
The  procedure  is  to  pose  the  problem  as  a minimization  problem  where 
the  coefficients  of  Chebyshev  polynomials  are  the  unknowns.  Numerical 
techniques  are  available  to  solve  this  problem  and  are  generally  avail- 
able on  most  computers.  The  use  of  Chebyshev  polynomials  allows  a good 
fit  over  a substantially  larger  temperature  range  than  is  possible  with 
a more  basic  polynomial  representation.  The  best  fit  Chebyshev  poly- 
nomial is  then  converted  into  the  form: 

..(I)  * “o  * al  (T  * a2  <T  * a3  <T  * a4  <T  * a5  (T  + a6)))))  ( A1 ) 

0 cvA> 

/ \ v 

where  e (T)  is  in  mb  and  T is  in  °K.  A good  fit  over  the  entire  range 
s 

of  realistic  tropospheric  temperatures  was  not  possible  due  to  the 
exponential  behavior  of  c (T).  Thus,  a number  of  polynomials  were 
derived,  which  are  each  applicable  to  a specific  range  of  temperatures. 
The  derived  polynomial  coefficients  applicable  to  specific  temperature 
ranges  when  considering  ice  or  liquid  water  phases  are  given  in  Tables 


A1  and  A2,  respectively.  The  accuracy  of  these  polynomials  when  com- 
pared to  the  Goff-Gratch  formula', ion  is  better  than  ± 0.1  % over  the 
noted  temperature  range. 

A similar  approach  was  adopted  to  represent  the  derivative  of  eg 
with  respect  to  temperature,  i.e. 

3 e ( T ) 

- bQ  + b1(T  + b2  (T  + b3  (T  + b4  (T  + b?  (T  + b6)))))  . (A2) 

The  derived  polynomial  coefficients  applicable  for  various  temperature 
ranges  when  considering  ice  or  liquid  water  phases  are  given  in  Tables 
A3  and  M,  respectively.  The  accuracy  of  these  fits  when  compared  to 
the  formulas  given  by  List  (1966)  are  better  than  i 0.05$  over  the 
noted  tenperature  range. 


TABLE  Al:  Polynomial  coefficients  for  computation  of  er.  (ice) 


Temp.  Range  = 

- 75 °C  to  - 40°C 

- 59°C  to  - 20 °C 

- 40°c  to  0°C 

ao 

•2063861920E+04 

.9965965426E+04 

. 3693H3251E+05 

al 

-.6072373651E+02 

- . 2713843220E+03 

-.9336988892E+03 

a2 

. 7454997900E+00 

. 3085305704E+01 

.9863423592E+01 

a3 

-.4889078071E-02 

-.1874848114E-01 

-.5574396896E-01 

a4 

. 180674 7948E-04 

. 6424209891E-04 

.1778237564E-03 

a5 

- . 3567969433E-07 

-.1177213769E-06 

- . 3037007404E-06 

a6 

. 2942273428E-10 

. 9015651780E-10 

.2170412857E-09 

TABLE  A2: 

Polynomial  coefficients 

for  computation  of 

e^  (liquid  water) 

1 ) 

Temp . Ranpe 

= - 50°C  to  - io°C 

- 25°C  to  + 25°C 

- 10°0  to  + 50°C 

ao 

= .6165189065E+04 

.7676749690E+04 

-.6831653575E+04 

al 

= -.1667439376E+03 

-.2056793389E+03 

.1012101269E+03 

a2 

- .1886839551E+01 

. 2301179803E+01 

- .40241 85 804E+00 

a3 

= -.1143897897E-01 

-.1377392223E-01 

- . 1076593467E-02 

a4 

= . 3920338183E-04 

.4656025967E-04 

. 1303140958E-04 

a5 

= -.7204942038E-07 

-.8434798769E-07 

371482365 IE-07 

a6 

= .5550437565E-10 

. 6403236206E-10 

•3635860564E-10 

TABLE  A3: 

Polynomial  coefficien *•:* 

lor  computations  of 

d e^  ( ice ) / d T 

Temp.  Range 

- - 75°C  to  - 40°C 

- 59°C  to  - 20 °C 

- 40° C to  0°0 

bo 

= .1331727716E+03 

.4335100895E+03 

.1125524155E+04 

bl 

= - . 394744 3692E+01 

-.1200964475E+02 

-.2916288078E+02 

b2 

= .4885191077E-01 

. 1390118384E+00 

.3161616127E+00 

b3 

= - . 3231598594E-03 

- . 8608106940E-03 

-.1836491646E-02 

b4 

= .1205461023E-05 

.3008638463E-05 

.6031 171831E-05 

b5 

= - . 2404821' 784E-08 

-.5629640721E-0S 

- . 1062315136E-07 

bA 

= .2005062406E-11 

.4407720998E-11 

.7844 8975 50E- 11 

TABLE  A4: 

Polynomial  coefficients 
water  / d T. 

for  computation  of 

d eo  ( liquid 

Temp.  Range 

i = - 50°C  to  - 10°C 

- 25°C  to  + 25°C 

- 10°C  to  + 50°C 

bo 

= . 5112232690E+02 

-.4564371585E+03 

-.1028975624E+04 

bl 

= - . 1639223720E+01 

•1013305498E+02 

.2240655345E+02 

b2 

= .2168286602E-01 

-.9211 3524 74E-01 

- . 2016900254E+00 

b3 

= - .1519800912E-03 

.4348429226E-03 

.9563519268E-03 

b4 

= .5969451501E-06 

- . 1105709261E-05 

-. 2501195 356E-05 

b5 

• = - . 1248422426E-08 

.1387113002E-08 

.3377718061E-08 

b6 

= .1087992994E-11 

- .612324 7164E-12 

- . 1794 9064 27E- 11 

APPENDIX  D: 


The  value  of  the  latent  heat,  L.  , is  specifier!  according  to 

J jJTl 

whether  the  ice  phase  or  the  liquid  phase  is  being  considered.  For  ice 
phase  simulations, 


Ljjm  = 2.836  x 106  j / kg' 


for 


193.16  °K  £ T £ 273.16  °K  . 


(Bl) 


For  liquid  phase  simulations,  the  temperature  dependence  of  the  latent 
heat  is  retained  for  the  initiation  of  the  adjustment  process  but  is 
ignored  during  the  adjustment  process,  i.e. 


for 


or 


for 


t.  = (3.156  x 106 

273.16  °K  £ T . 

L.  = (3.183  x 106 

J , m 

224.16  °K  £ T.  < 


- 2.4  x 103  T. 

.1 


-/ 


313.16  °K 
- 2.501  x 103 


273.16 


T. 

J > m 


X 

) j / i;g 


(B2) 


(B3) 


where  T.  is  in  °K.  The  values  of  L.  specified,  as  above,  are 
,]>m  j,m  * 

accurate  to  within  ± 0.1%,  when  compared  to  the  values  given  by  List 
(1966)  based  on  the  Goff-Gratch  standard  formulations. 


APPENDIX  C 


EFFECTIVE  RELATIVE  FALL  SPEED  OF  ICE  WATER 

% 

The  tabular  representation  of  the  WW15  parameterization  for  v , 
which  was  derived  in  Section  3.10  and  depicted  in  Figure  12,  is  given 
below. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

6 

0.065 

0.065 

0.065 

0.088 

0.135 

0.177 

0.214 

0.248 

0.279 

5 

0.307 

0.438 

0.501 

0.540 

0.566 

0.575 

0.583 

0.590 

0.596 

4 

0.602 

0.637 

0.658 

0.673 

0.684 

0.694 

0.701 

0.708 

0.714 

3 

0.720 

0.755 

0.776 

0.791 

0.802 

0.812 

0.820 

0.826 

0.832 

2 

0.838 

0.857 

0.894 

0.909 

0.925 

0.937 

0.948 

0.958 

0.966 

1 

0.973 

1.022 

1.134 

1.213 

1.274 

1.347 

1.409 

1.463 

1.510 

0 

1.552 

1.559 

1.559 

1.559 

1.559 

1.559 

1.559 

1.559 

1.559 

TV 

Table  Cl.  Effective  relative  gravity  induced  fall  speed,  |y  |,  in 

~X  —3  # 

ms"  as  a function  of  pi  in  gm  J , where  \v  |(A,B) 

-B  -R 

corresponds  to  (A  - 0.5)  10  £ p£  < (A  + 0.5)  10  . 
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GOAL 


P R h F A C I N G R t M A R K S 


This  proposal  has  been  prepared  in  a rather  unconventional  but,  in 
the  author's  opinion,  effective  way.  The  bulk  of  the  proposal  (Sections  1 
- 4)  outlines  an  extensive  investigation  of  "Radiation  and  Extended  Middle 
and  Upper  Tropospheric  Cloudiness."  The  complete  investigation  has  the 
national  and  international  relevance  to  dictate  that  it  be  carried  out, 
however  the  scope  of  the  investigation  exceeds  the  ability  and  resources 
of  an  y on e i n s t i t u t i on  or  age  n c y t o su c c e ss-f  u 1 1 y c ar  r y ou  t . 

The  specific  research  components  which  I (the  principal  investigate r> 
propose  to  carry  out  are  listed  in  Section  5.  These  are  only  a modest 
fraction  of  the  total  effort  required  to  do  the  complete  experiment.  From 
several  quotes  in  the  proposal  it  is  obvious  that  this  problem  has  the 
scientific  su p p or t e sse n t i a 1 t o c ar r y I t t o a su c c e ssf  u 1 c on c 1 u s i on . Th  e 
remaining  question  is  — Are  t h e age  n c i e s wh i c h ar e c ap ab 1 e of  su  p p or  t i n g 
such  an  effort  wi th  their  faci 1 i ties  and  resources  w i 1 1 ing  to  make  the 
ap p r opr i a t e c omm i tme n t ? 


1 


i .0  RATIONALE 


Recent  recommendations  -from  the  JOG  and  WHO  and  ICSU  stress  the  need 
f or  i n c r e as  i n g ou  r k n ow  1 e doe  of  the  r ad  i a t i v e c h ar  a.c  t e r i s t i c s an d the 
temporal  and  spatial  regimes  of  extended  cloud  fields.  (Report  of  the  JOG 
AD  HOC  Wor k i n g Gr  ou p on  Ex  tended  Cl ou dine ss  an d the  Rad i a t i on  Bu dge  t . > I n 

the  JOG  document  two  observational  programs  have  been  proposed.  They  are 
STRATEX  I dealing  with  boundary  layer  stratus  cloud  systems  and  STRATEX  II 
dealing  with  extended  ci most rat us  cloud  systems.  A number  of  efforts 
have  already  been  mounted  or  proposed  for  STRATEX  I ti.e.  Paltridge 
(1974),  Wakefield  and  Schubert  (1976),  Schmetz  and  Raschke , <1980)  and 
Fou q u ar t , e t a I . (1 980  > ] . In  add i t i on , se v e r a i m i ss i on  s of  the  U . S . S . R . 
IL-18M  during  GATE  explored  the  radiative  characteristics  of  the 
s t r a t oc umu 1 u s bou n dar y 1 ay e r r e g i me . The  STRATEX  II  r e g i me  h as  n o t 
race i v e d the  same  amou n t of  obse r v a t i on a 1 a 1 1 e n t i on  t o date,  1 ar  ge 1 y du e 
to  the  requirement  for  high  performance  aircraft  to  reach  the  cirrus 
layers.  Notable  exceptions  to  this  are  the  CW-990  and  Sabreliner  flights 
made  du ring  GATE  f or  the  e x p r e ss  p u r p ose  of  me asu r i n o cirrus  cl ou d 
r ad i a t i on  c h ar ac t e r i s t i c s . I n add i t i on , Ku h n (1 963 ) an d Cox  ( 1 97 1 , 1 976 ) 
h av e r e p or  ted  results  of  obse r v a t i on  s of  i n f r ar e d r ad i a t i v e 
characteristics  of  cirrus  clouds  derived  from  rad  i orne  ter  sonde 
observations.  The  following  three  paragraphs  are  quoted  directly  from  the 
report  of  the  JOC  AD  HOC  Working  Group  on  activation  of  the  STRATEX 
Programme  (7  January  1977). 

STRATEX  I I 

A n umber  of  f u n dame n t a 1 gap s exist  i n ou r u n de r s t an d i n g of  t h e 
growth  and  maintenance  of  high  level  extended  clouds.  The 
questions  that  still  need  to  be  answered  involve  such  things 
as  the  re  1 a t i v e i mp or t an c e of  mean  v e r t i c a 1 mo t i on  and  of 
turbulence  induced  by  the  radiation  field  around  the  cloud 
i t se 1 f ; an  d su c h t h i n os  as  wh ether  there  ar e i mp or  t an  t 
d i s t i n gu  i sh  i n q c h ar  ac  t e r i s t i c s be  t we  en  ;i  f r on  t a 1 t y p e n c i r r u s 
an d the  c i r r u s b 1 own  f r om  the  t op s of  c umu I o-n i mbu s . 

I n v i e w of  the  1 ac k of  k n ow ledge  of  the  p r oc esses  and  char  ac  ter 
of  upper  level  clouds,  the  ad-hoc  group  agreed  that  proposals 


directed  to  an y (and  preferably  as  many  as  possible)  of  the 
f o 1 1 oiM  i n g ar  e as  sh  ou  Id  be  encou  r age  cl  : 

1 . Si mp 1 e mapp i ng  of  gar i ab i 1 i ty  < of  the  c i oud 
an d i t s r ad i a t i v e c h ar acteristics)  in  t e r ms 
of  the  me  t e or o 1 og i c a 1 en v i r onme n t of  the 
c 1 oud  r 

2r  Representative  case  studies  involving 

obse r v a t I on s of  the  cloud  mi cr op h ys i c s an d 
r ad i a t i on  c h ar ac t e r i s t i c s . 

3.  Programmes  to  investigate  the  processes 

responsible  for  the  generation*  maintenance  and 
dissipation  of  the  cloud  system. 

Some  of  the  proposed  programmes  listed  under  ST RAT EX  I above 
contained  aspects  that  could  involve  the  primary  goals  of 
ST RAT EX  II.  However,  none  of  these  programmes,  at  least  in 
their  p r e 1 i m i n ar y p h ase , h as  been  specifically  directed 
t awards  t h ose  goa 1 s . 

Aga in,  it  is  rec omme nde d t h a t f u t u r e p r ogr am me s be  de  si  on  e d 
to  have  central  objectives  tuned  to  the  STRATEX  II  requirements. 

Th i s p r op  osa 1 de  a 1 s w i t h STRATEX  I I ob j e c t i v e s . As  was  pointed  ou  t 
in  the  J 0 C document  note d abov e , the  sp e c i f i c r ad i a t i v e an d cl ou d 
m i cr oohys i cal  characteristics  of  cirroform  clouds  should  be  determined 
from  aircraft  observations  conducted  at  different  geographical  locations 
f or  limited  periods  of  time. 


1 . i Purpose 

The  principal  needs  of  climate  studies  relating  to  middle  and  upper 
tropospheric  clouds  may  be  placed  into  two  categories:  modeling  and 

mon i t or i n g ( M & M > . Inherent  in  e ac h of  the se  applications  is  the  belief 
that  these  clouds  are  important  to  both  the  stability  and  to  the  magnitude 
of  potential  change  in  the  earth's  climate.  It  should  be  noted  that  many 
of  the  model  ing  appl  i cat  ions  apply  to  GCM's  and  NWP  as  we  1 1 as  cl  imate 
mode  1 s . Wh i 1 e it  i s c on v e n i e n t to  d i v i de  the  needs  into  the  M & M 
categories  we  shall  see  that  the  information  required  to  satisfy  one  area 
of  investigation  is  highly  complementary  to  the  other. 


The  climate  modeling  requirements  tor  middle  and  upper  tropospheric 
clouds  may  be  loosely  stated  as  specifying  the  temporal  and  spatial  < 3D) 
distributions  of  these  clouds  and  their  radiative  properties.  Two 
philosophically  different  ways  of  achieving  this  goal  are  immediately 
apparent.  A deterministic  approach  would  seek  to  understand  the  basis  for 
the  formation,  maintenance  and  dissipation  of  middle  and  upper 
t r op osp her i c cl ou d f i e 1 ds  an d i n c or p or ate  the se  me c h an i sms  or  a 
par ame ter i zed  version  of  them  into  a climate  model.  Similarly  the 
radiative  properties  of  these  model  clouds  would  be  related  in  a 
p h y s i c a 1 1 y me  an  i n gf  u 1 way  to  the  rnicr  op  h y s i c a 1 v ar  i ab  1 e s w i thin  the  model. 
On  the  other  hand,  a probabilistic  approach  might  be  adopted  to  meet  these 
same  n e e ds . In  t h i s ap p r oac h da t a de sc r i h i n q t h e av e r age  v a 1 u e s an d 
van i abi 1 i ty  of  the  temporal  and  spat i al  di str i but i ons  and  the  radi at i ve 
properties  of  middle  and  upper  tropospheric  clouds  would  be  collected, 
analyzed  and  expressed  as  empirical  representations  of  extended 
c 1 cud i ness ■ 

Of  c our se  t he  de  t e rm i n is  t i c ap p r oac h i s t h e more  a 1 1 r ac t i v e one,  if 
it  proves  feasible.  It  alone,  being  based  upon  fundamentals  of  physics, 
might  allow  middle  and  upper  tropospheric  cloud  regimes  much  different 
from  our  present  day  climate  to  evolve  in  models.  On  the  other  hand,  the 
details  and  complexities  of  such  an  approach  may  extend  well  beyond  our 
GCM . NUIP  and  cl  I mate  model  ing  cap  abi  1 I ties.  A probabi  1 i st  i c approach 
wou 1 d n e c e ssar i 1 y rest  r i c t u s to  t h e m i dd 1 e an d u p p e r t r op osp h eric  cl ou  d 
regimes  of  our  present  climate.  While  this  might  be  useful  in 
i n v e s t i ga t i n g some  c on  temp or ary  c 1 i ma t e p r ob 1 ems  i t w ill  re  strict  the 
u n i v ersal  i ty  of  an y mo  de 1 wh i c h u se  s it.  Interestingly  though,  the 
■statistical  r e 1 a t i on  sh  i p s dev  eloped  in  a d r obab  i 1 is  t i c an  a 1 ys  i s w ill  a 1 so 
se r v e as  a c h e c k , gu i de  an d/or  c on s t r a i n t on  a deterministic 
p ar ame t e r i z a i t on  i n c or o or a t e d in  a mode  1 . 

The  deterministic  approach  will  serve  as  a guide  in  the  investigation 
ou  1 1 i n e d be  1 ow  . It*"  s ob  v i ou  s adv  an  t ages  as  well  as  i t *'  s intellectually 
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sat  i sty  i ng  a p peal  dictate  t h I s d e c i s i o n , H ow e v e r , since  t h e p r* o bah  i 1 i s t i c 
ap p r oac h represents  a r e as on ab 1 e f a 1 1 bac k p os i t i on  sh ou Id  the 
deterministic  tactic  fail,  and  since  it  represents  a check  on  any 
de  term i n i st i c p ar ame ter i z a t i on  scheme , we  shal  i a i so  str i ve  to  me e t the 
data  r e q u j r erne  n t s f o r a s tat  i s t i c a 1 a n a 1 y s i s o f t h e ■=■  e cloud  d r op  e r t i e s . 

Th  i s p r op osa i may  be  d i v i de d into  two  c omp on ent s wh  i c h ar  e c 1 ose  1 y 
related.  First  there  is  the  continued  development  and  utilization  of  a 
- t i me “de p e n de n t , p h y s i cal  — n ume r i c a 1 mode  1 of  u p p e r an d m i dd 1 e 
trooospher i c cl  cuds , I n add i t i on  to  i nvest i gat i ng  sens i t i v i t y of  c 1 ou d 
f or ma t i on  - m a i n t e n an c e an  d d i s s i p a t i on  to  v ar i ou  s p h ys Seal  c omp  on ent  s , the 
model  resu 1 ts  wi 11  be  used  to  refine  the  desi qn  of  a middle  and  upper 
t r o p o s p h e r i c cl o u d o b s e r v a t i o n p r o g r am  ~ the  s e c o n d c om p o nen t o f t h i s 
proposal . 

M i dd 1 e an d u p p e r t r op osp he r i c c 1 ou d mon i t or i n q r ecu i re s essential  1 y 
t h e same  da t a f or ms  as  the  mode  I i ng  ap p 1 i c a t i on s men  t i on e d aba v e : the 
primary  difference  is  in  the  expanded  time  and  space  scales  required  for 
the  mon i tor i ng  app 1 i cat i on , 

The  primary  goals  of  an  upper  and  middle  tropospheric  cloud 
experiment  are  1 i sted  be  lows 

i > observe  the  magnitudes  of  the  dynamic,  thermodynamic  and  moisture 
( i n c 1 udes  ! i qu  i d and  i ce  pha.se)  v ar  i ab  1 es  in  the  presence  of  upper  and 
middle  tropospheric  clouds  in  order  to  verify  cloud  model  calculations. 

2)  Observe  the  properties  of  the  large  scale  flow  coincident  with 
the  observations  in  goal  number  one  to  serve  as  an  initial  condition  data 
base  for  the  study  of  relationships  between  large  scale  variables  and 
extended  cloudiness  effects. 

o ) Obse r v e s i mu  1 t an e ou s 1 y sp ectral  an d or oadhan d r ad i a t i v e 
p r op  e r t i e s an  d c 1 ou  d m i c r op h y s i cal  s t r u cture , M i c r op h ys i c a 1 structure 
includes  phase,  crystal  habit  and  orientation  as  well  as  vertical  and 
h or i z on  t a 1 structure  of  the  se  v ar i ab 1 e s ; these  obse  r v a t i on  s will  all ow 
v e r i f i c a t i on , mod i f i c a t i on  an d s i mp 1 i f i c a t i on  of  r ad i a t i v e t r an sf e r 


techniques  in  order  to  make  them  more  compatible  with  model  constraints, 

4 > Obse rue  cloud  r e q i on s f r om  satellite  coincident  w i t h obse r u a t i on s 
noted  in  goal  number  3 in  order  to  establish  the  potential  to  infer  cloud 
radiative  and  microphysical  properties  from  satellite  measurements  (cloud 
truth) . This  is  an  essential  step  to  effective  utilization  of  any 
sa t e 1 1 i t e -de du c e d cloud  c 1 i ma t o 1 oqy . 

5)  Observe,  principally  from  satellite,  life  cycles  of  upper  and 
middle  t r op  os d h e r i c cl ou d sy s t ems  bo t h r e q i on a 1 1 y an d g 1 oba 1 1 y . Th  e se 
data  will  allow  generation  of  statistical  summaries  of  the  areal , temporal 
and  cloud  height  characteristics  of  these  systems. 

There  are  numerous  specific  experimental  goals  which  fit  into  one  or 
more  of  the  general  goals  1 i sted  above,  I shal i not  attempt  to  enumerate 
these  at  this  point.  The  purpose  of  listing  the  primary  goals  above  is  so 
that  they  may  be  related  to  the  resources  required  to  carry  them  out. 
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2.0  BACKGROUND 

Th e mos t def i n i t i y e mode  1 i n g wo r k t o da t e on  s t r a t of orm  c ] ou ds  h as 
c on centrate d u p on  1 ow- 1 e v el  s t r a t oc umu 1 u s c 1 ou  ds . L I 1 1 y ( 1 968  > an d mor e 
recently  Schubert  (1976)  reported  phys i cal -numer i cal  models  capable  of 
de sc r i b i n q t h e bas i c dyn am i c , the rmodyn am i e an d wa ter  bu dqe t requ i r erne n t s 
of  s trat ocumu 1 us  clouds. 

Mu c h 1 e ss  i s k n own  c on cern i n g the  mass , mo i sturs  an d ene r gy  bu dqe  t s 
assoc i a t e d w i t h upper  t r op osp h eric  cl ou ds . 

2 . 1 Prior  model inq  and  thermodynamic  budget  studies 

A n u m be r of  interesting,  q u a 1 i t a t i v e o b s e r y a t i o n s of  c i rr u s unc i nu s 
c 1 ou ds  h ay e been  rep or  ted  by  Lu d 1 am  < 1 948 ) , Odd i e < i 958 ) an d Yaq i < 1 969 ) . 

I n add i t i on , Lu  d ] am  < i 956 ) an d Con oy e r ( 1 960  ) g i y e f a sc i n a t I n g 
de  sc r i d t i on s of  o t h e r u p per  t r op osp h eric  cl ou ds . Howe y er , t h ere  i s a 
dr am a t i c y o i d of _ q u an  t i t a t i y e inf or ma  t i on  r e 1 a ting  to  the  life  c yc 1 e of  a 
m i ddl e or  upper  tropospher i c 1 ayer  c 1 oud . Wh i 1 e pi eces  of  th i s puzz 1 e may 
be  found  in  the  literature,  the  relationships  and  dependencies  of  the 
1 ayer  c 1 oud  to  1 arge  and  smal 1 seal e mot  I ons  and  to  rad i at i on  have  been 
largely  ignored.  While  one  may  find  these  components  treated  separately, 
the  y h av  e not  be  e n c on  si  de  r e d s i mu  1 t an  e ou  s 1 y f or  the  cl  ou  d 1 ayer  as  a 
whole  Cc.f.  Schubert  <1976)  and  Lilly  <1968)3. 

Very  little  research  has  been  reported  on  total  energy  and .mass 
budgets  of  upper  tropospheric  clouds,  however,  components  of  these  energy 
an d mass  budge  t s h av e been  e x p 1 or e d i n de p e n dent  1 y by  a n umbe r of  au t h or s . 

The  most  common  approach  has  been  to  examine  the  formation,  growth 
an  d dec  ay  of  cl ou  d dr  op  1 e t s or  c r ys t a 1 s . Th  e se  studies  i n c 1 u de  p ape  r s by 
•Jiusto  (1971),  Jayawer  r a <1971),  Br  ah  am  and  Spyers-Duran  <1967), 

Heymsfield  < 1975a, fa),  Hall  and  Pruppacher  <1976)  and  Heymsfield  <1977). 
These  studies  concentrate  on  the  m i cr ophys i cal  aspects  and  energy  and 
water  mass  budgets  in  order  to  explain  the  presence  and  lifetime  of 
i n d i y i du  a 1 dr  op l e t s or  cr ys t a is.  I n ge  n e r a 1 , the  in  v est i ga t or ' s a 1 1 e n t i on 
was  focused  on  the  crystal  itself  in  a 1 agrang i an  sense  and  constraints 
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offered  by  the  energy  and  mass  budgets  of  the  layer  of  the  atmosphere  was 
i g n o red. 

Studies  by  He ymsf  i e 1 d C 1 9 75c  ) did  a 1 1 errip  t to  q u an  t i t a t i v e 1 y i n c or  p or  ate 
1 c*.  yer  a i r mot  ion  i n m a!*-  i ng  numer  i ca.  I com  pu  tat  i ons  of  crystal  growth  of 
c i r r u s u n c i n u s c 1 o u d s . H ow e v e r $ even  t h i s s tud y f o c u s e d o n a s i n q 1 e * ] o c a i 
c omma-1  ike  c i r c u 1 a t i on  r e q u i r e d to  f or m an d/or  su s t a in  t h e v i su a 1 1 y 
obser vabl e c i rrus  unci n u s element.  In  a very  recen t paper  ? He  ymsf i e 1 d 
(1977)  discusses  precipitation  development  in  stratiform  ice  clouds.  As  in 
p r e v i ou s p ap e r s , the  emp h as i s of  t h i s p ap e r is  on  m i c r op h y s i c a 1 p r oc e sse s 
an d c r y s t a 1 i n t e r ac  t i on  w i t h the  v e r t i c a 1 v e 1 oc i t y field  wh i 1 e large! y 
ignoring  tne  total  mass—ener gy  budget  of  the  layer. 

2 . 2 Pr i or  s t u d i e s of  r ad i a t i v e c h ar ac ter i s t i c s of  u o per 


t r op osp her i c cl ou d s 

Pr  e v i ou  s s t u d i e s may  be  gr  ou p e d i n t o two  cate qor i e s s theoretical  an d 

o b s e r v a t i o n a 1 . The  the o ret i cal  wo r k m a y be  further  s u b divided  i n t o 
sp  her  i c a 1 p ar  tides  an  d ice  c r y s t a 1 s . The  obser  v a t i on  a 1 studies  may  be 
c o n v e n i e n 1 1 y c 1 as  s i f i e d by  pi  a t f o r m . S t u d i e s c o n d uc ted  f r om  surface  } 
aircraft,  balloon  and  satellite  data  are  referenced. 

2.2.1  Th e or  etical  studie s 


P i on e e r i n g the  or  etical  wop k on  t h e su  b j e c t of  r ad i a t i v e c h ar ac t e r i s t i c s 
of  water  clouds  with  spherical  droplets  has  been  reported  by  Deirmendjian 
( 1 7 6U  , 1962,  1967)  ; Kerb  and  Mol  1 er  < 1962)  , Fe  i gel  "’son  < 1973)  , Yamamoto  et 
a 1 . <1971,  1975),  Han se n < 1 969 ) * He  r man  < 1 962 ) an  d 2 du n k owsk i e t a 1 , < i 965 , 
1969,  1971 ? 1974).  Welch  et  a 1 . <1976)  have  added  wavelengths  beyond  2.8 

P*  m a n d s h o w n t h at  s i g n i f i c a n t s o 1 a r i n-c  I o u d heating  is  to  be  e x p e c t e d 
from  these  longer  wavelengths. 

PI  ass  <19  ) rep  or  ted  c ornp  u t a t \ on  s made  u s i n q a Mon  t e Car  1 o technique. 

Jacobosi tz  <1970)  and  Coleman  and  Lieu  <1980)  studied  the  equivalent  sphere 
r ad i us  of  a c omp os i t e of  h e x agon a 1 c r ys t a 1 s wh i 1 e L i ou  <1 975  a , b , c ) an d Hu n t 
<1973)  report  computations  of  c i rroform  cloud  radiation  characteristics. 
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Fleming  and  Cox  (1974)  reported  the  energy  budget  ramifications  of  a series 
of  possible  configurations  of  radiative  characteristics  of  cirrus  clouds. 
Recently  Liou  and  Wittman  (1979)  reported  parameterized  equations  for  the 
radiative  properties  of  cirrus  clouds  as  a function  of  cloud  ice  content 
wh i 1 e L; ou  et  al  . ( 1980)  studi ed  radi at i ve  equ i I i hr i um  temperatures  i n a 

c i r r u s c 1 ou dy  a tmosph ere.  We  1 c h , Cox  an d 2 du n k owsk i ( 1 980 ) e x am i n e d the 
variability  of  cirrus  radiative  properties  with  different  crystal  shape 
c on f i qu  rati  on s . fa  t e p h e n s ( 1 980  ) h as  sh own  that  ice  c r vs  t a 1 or  i e n t a t i on  may 
be  a significant  factor  in  determining  the  radiative  properties  of  cirrus 
c 1 cuds . 

I n summar y , t h e mode  1 i n g of  r ad i a t i v e c h ar ac  ter i st i c s of  c 1 cuds  w i t h 
spher i cal  drop! ets  i s reasonabi y we  l 1 advanced  wi th  a number  of  si  on i f i cant 
published  contributions.  The  case  for  ice  crystal  clouds  Is  not  as  well 
doc ume  n ted  an  d re  I at  I v e 1 y few  the  or  e t i c a 1 c on t r i bu  t i on s may  be  f ou  n d . 

2.2.2.  0 fa s e r y a t i o n a 1 s t u d i e s 

Surface  data  in  the  8 to  13  Fm  range  were  used  by  Allen  (1971)  to 
infer  effective  infrared  emissivity  values  of  cirrus  clouds.  Platt  (1973, 

1 y 5 ) an  d P 1 a.  1 1 and  U am  o i i n q ( 1 y 7 1 ) u se  cl  s i mu  1 t an  e ou  s s u r face  1 ase  r , 
radi  ome  ter  an  d sa  t e 1 1 I t e radi  an  c e da  t a to  infer  c i r r u s c h ar  ac  ter-  i s t i c s . 

K u h n a n d W e i c k m a n n ( 1 9 6 9 ) a n d K u h n ( 197 0 ) r e p o r t e d aircraft 
observations  of  cirrus  infrared  extinction  for  cases  of  natural  cirrus  and 
.jet  aircraft  contrails.  Davis  (1971)  reported  on  cirrus  extinction 
c h ar  ac ter i s tics  inferred  f r om  a i r bor n e r u by  1 ase r da t a an d s i mu  1 t an  e ou  s 
radiometric  observations.  Griffith  and  Cox  (1977)  reported  tropical  cirrus 
characteristics  deduced  from  GATE  aircraft  data.  Mur Cray,  et  al . (1974) 
reported  spectral  emission  observations  from  cirrus  clouds  in  the  10  to  12 
Pm  r e g i on . The  se  obse r v a t i on  s we re  c on  du c t e d f r om  a ba 1 1 oon  p 1 a t f or m . 

Rad i ome t e r son de  observations  served  as  the  source  of  data  on  radiative 
characteristics  of  upper  tropospheric  clouds  in  the  studies  reported  by  Kuhn 
(1963a),  Kuhn  and  Suomi  (1965)  and  Cox  (1969,  1971,  1976), 

Fritz  and  Rao  (1967)  and  Platt  (1975)  utilized  satellite  radiance  data 
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for  inferring  the  radiative  characteristics  of  cirrus  clouds. 

Re  cent  s t u d i e s by  8r i f f i t h an d Cox  < i 977 ) an d Gr i f f i t h , Cox  an  d 
Knoll enberg  <1980)  and  Pal  triage  and  Platt  <1980)  show  cirroform  cloud 
characteristics  which  are  different  from  those  predicted  from  theory  and 
a Iso  significantly  different  f r om  man y o t h e r ohse r v a t i on s . Figure  1 
illustrates  these  differences  from  theory  and  Figure  2 shows  the  agreement 
among  observations.  The  differences  are  so  dramatic  that  they  readily  show 
the  need  for  more  observational  corrobor at i on  as  well  as  theoretical 
e x p 1 a n a t i on . These  d i f f e r e n c e s are  mu  c h 1 ar g e r t h a n o b s e r v a t i o n a 1 error  s 
could  introduce,  and,,  therefore,  must  be  real.  One  should  note  that  the 
data  used  by  Griffith  and  Cox  <1977)  were  col lected  during  GATE  primari \y  in 
the  anv i 1 -ou t f 1 ow  area  of  mesoscal e cumu 1 on i mb i c 1 oud  systems . 

I n sumrnar  y . r e 1 a t i v e 1 y f ew  obse r v a t i on s s t u d i e s of  the  r ad  j a t i v e 
c h ar ac ter i s t i c s of  u p per  t r op  osp  her i c c 1 ou dine  ss  h av e be  e n rep  or  ted.  Nos  t 
of  the  s t u d i e s referred  to  abov e,  in v e s t i ga ted  on  1 y the  r ad i a t i v e 
character i s t i c s o f the  cl o u d 1 a y e r f o r a r e 1 a t i v e 1 y n a r r o w s sect r a 1 i n t e r v a 1 
and/or  for  a narrow  angle  increment.  Only  the  studies  by  Kuhn  < 1963b) , Kuhn 
a.nd  bu om  i k i 9ob)  , Lox  k 1 V o V , i 97 1 < 1 97*6)  and  Griffith  and  Uox  < 1 97/)  have 
studied  the  broadband  irradiance  characteristics.  While  these  few  studies 
range  from  case  studies  to  compos i te  summaries,  there  has  been  no 
me t h od i c a 1 1 y—de  s i gn  e d obse  r v a t i on a 1 s t u dy  of  the  r ad i a t i v e c h ar  ac  t eristics 
of  upper  t r op  osp her i c cl ou  ds  as  c ailed  f or  i n STRAT EX  II  doc  u me n t a t i on 
su p p 1 i e d by  the  GARP  C 1 i ma t e Dy n am i c s Wor king  Gr ou p . 
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0 THE  MODELING  COMPONENT 


3 . 1 Modeling  Approach 

(Note  - A modeling  effort  of  this  type,  outlined  below,  has  been 
proposed  to  the  National  Science  Foundation.)  The  modeling  objective  of 
this  research  effort  is  to  gain  a bas i c understanding  of  the  interplay 
of  the  v ar i ou s p h y s i c a 1 p r oc e sse  s i n v o 1 v e d in  the  f or ma t i on , ma i n t e n an  c e 
and  dec  ay  of  m I dd  1 e an d upper  t r op osp h e r i c s t r a t i f or rn  c 1 ou  ds  . 

Furthermore,  the  initial  f oc u s of  this  study  is  limited  to  cloud  forms,  i n 
wh i c h 1 ar ge  sc a 1 e dy n am i cal  f or c i n g is  n o t 1 i k e 1 y t o be  t h e dom i n an t 
P h y s i cal  factor,  i . e . deep,  precipitati n g c 1 ou d f or ms  assoc i a t e d w i t h 
r e g i on s of  s t r on g lifting  in  a c y c 1 on e and  n o t c on s i de r e d , The  c h o ice  of 
a modeling  approach  is  highly  influenced  by  the  fact  that  the 
interrelationships  between  a number  of  presumably  important  physical 
parameters  are  unknown  or  at  the  least  highly  speculative  at  this  time. 

F or  e x amp  ! e , the  bulk  r ad  i a t i v e p r op  e r t i e s of  a c 1 ou  d su  c h as  i t s 
effective  i n f r ar e d em i ss i v i t y an d effect i v e so 1 ar  absor p t i v i t y mu s t be 
related  through  the  optical  depth  of  the  cloud.  Only  recently  have 
the o ret i c a 1 s t u d i e s of  ice  c I ou ds , wh i c h addr e ss  t h i s i ssu e , been 
reported,  e.g.  Stephens  < 1 980 ) . However,  such  theoretical  relationships 
rely  critically  on  the. assumed  crystal  habit  and  size  spectrum  and  also 
p oss i b 1 y on  t h e assume d c r ys  t a 1 or i e n t a t i on  s , How  t h e se  p r op e r t i e s de  pend 
on  t h e dy n am i c , t h e rmodyn am i c an d r ad i a t i v e e n v i r onmen t of  the  cloud  is 
uncertain.  Ernp  i r i c a 1 studies,  e.g.  Pa  1 t r i dge  an  d P 1 a 1 1 < i 980  > , also 
suffer  from  uncertainty  due  to  the  scatter  of  the  observations.  Because 
of  these  uncertainties,  the  modeling  philosophy  adopted  here  is  to  choose 
an  approach  wh i c h is  the  most  simp! e method  capabl e of  yielding  real  i st i c 
s i mu  1 a t i on s . In  t h i s way , the  sen s i t i v i t y of  s i mu  1 a t i on s t o the  c h o i c e of 
various  parameters  may  be  economically  establ ished  in  a real istic  manner. 

The  model ing  approach  adopted  for  this  study  is  to  employ  a 
two-dimensional,  t i me -depen den  t , Euler i an  numerical  model,  which 
incorporates  all  of  the  important  physical  processes  in  a simplified  way, 
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to  in  v e s t i gate  t h e r o 1 e of  t hese  p r oc  e sse  s in  the  e v o 1 u t i on  o*f  a c 1 ou  d 
■form  i n an  i sol  a ted  atmospher  I c 1 aver  , e . g . Asa  i and  Nakamura  < i 978)  , 

L i p p s < 1971) « 0 1 h e r mode  1 i n g ap p r oac h e s we r e c on s i de  r e d . On  1 y 
t i me -de  pendent  ap  p r oac h e s we r e ex  am i n e d so  t h a t the  c h an  q i no  role s of 
v ar i ou s p r oc  e sse  s a t different  s t age s of  the  cloud  life  c y c 1 e mi qh  t be 
investigated.  Only  Euler i an  models  were  considered  due  to  the  abundance 
of  knowledge  avai table  as  to  the  mechanics  of  these  models.  By 
t wo-d i me n s i on  a 1 , den o t e d 2—D , we  me  an  t h a t so  1 u t i on s ar e ob t a i n e d f or 
dependent  mode  1 v ar table s i n two  sp ace  d i men s ions,  e . q . < x , z , t ) . 
b i m i 1 ar  1 y , a mode  1 , wh  i ch  s i rriu  1 ates  de  pen  dene  i es  i n on  1 y one  or  in  three 
so  ac  e d i men s i on s , i . e . < z , t ) or  ( x , y , z , t ) , re  sp e c t i v e 1 y 5 i s denote  d as 
a 1 -D  or  3-D  mode  1 , re  sp  e c t i y e 1 y . 

A full  3-D  model  S ng  approach,  e . q . Sommer i a <1976),  Cotton  and 
Trip o 1 i < 1 978 ) , was  r ejected  p r i mar i 1 y be c au se  of  t h e su bs t an t i a 1 
i ncre ase s i n c omp u t i n g re q u i r eme n t s an d c omo 1 e x i t y . Wh lie  a 3-D  mode  1 has 
the  a d v a n t a g e s of  b e i n g c a p a b 1 e of  s i m u 1 at i n q the  effect s o f s pat i a 1 
v ar i ab i 1 i t y of  the  1 ar  ge -sc ale  e n v i r onme n t an d full  three  — d i me  n s i on a 1 
turbulent  transport  processes,  the  initial  focus  of  this  study  is  on  local 
sc  a 1 e control,  i . e . cl ou  d f or ms , wh i c h ar e not  dom i rated  by  1 ar  ge -sc  a 1 e 
processes.  The  neglect  of  turbulent  transports  in  a third  space  dimension 
is  not  felt  to  be  too  severe  of  a drawback  to  the  2—D  approach  especial  1 y 
c o n si d e r i n g t h e pre se n t state  o f K n ow 1 edge . 

A i — D mode  1 s ng  ap p r oac h was  rejected  p r i mar i 1 y be  c au  se  of  u n c e r t a i n t y 
as  to  the  ap p r op r i a t e n e ss  of  the  r e q u i r e d cl osu r e assump t i on  an d the 
desire  to  c ap t u r e mo r e de  tail  in  t h e s i mu  1 a t i on s as  an  aid  in  qa i n i n q 
understanding.  The  primary  advantages  of  a i— D model inq  approach  are  the 
o v e r a 11  si mp 1 i c i t y of  t h e mode  1 an  d the  re  su 1 t i n g c omp u tat i on a 1 e c on  omy . 

In  the  case  of  entrainment  type  models,  e.g.  Lilly  <1968),  Schubert,  et 
al  . < 1979) ? and  Randal  1 < i960) , these  advantages  are  at  1 east  part i all y 

offset  by  their  limited  appl i cab i 1 i ty.  The  assumed  thermodynamic  and 
dynamic  structure  of  the  basic  state,  which  is  necessary 
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and  crucial  to 


the  entrainment  closure  assumption,  may  not  be  nearly  as  applicable  to  the 
problem  here  as  to  the  s tra tocumu 1 us  problem  which  they  considered.  This 
c on c 1 u s i on  i s su p p or  t e d by  p r e v i ou s work  , i ,e  . S t ar r an d Cox  < i ??’? } , A 

more  global  1-D  approach  has  been  employed  by  Oliver,  et  al . (1978).  They 

emp 1 o y a sec on d o r d e r t u r bul ence  cl o s ure , w h ere  the  r equ i red  c or r e 1 a t i o n 
c oe  f f i c i en t s f or  t u r bu 1 ence  p ar ame ter s ar e d i a g n use d t r cm  the  structure  of 
t h e b a s i c state  base d on  e mp  i r i c a 1 re  1 at  i on sh  i p s de r i v e d p r i mar  i 1 y f r om 

obse r v a t i on s in  the  a tmosp h eric  bou n da r y 1 aye  r . The  se  r e 1 a t i on  sh i p s ar e 

■be  1 i eyed  to  be  more  general  but  may  not  be  universal  . 

An  obvious  important  advantage  of  a 2-D  or  3-D  modeling  approach, 
wh e n c omp ar e d to  the  1 — D ap p r oac h , i s t h a t h or i z on t a 1 s truer u r e i s 
e x p 1 i c i 1 1 y r e so 1 v e d on  t he  grid  sc ale.  Th i s may  be  a su  bs t an  t i a I aid  in 
c 1 ar i f y i n g the  interpret a t i on  of  r e su 1 ts , p ar  t i c u 1 ar 1 y if  the  e v o 1 u t i on  of 
such  structure  is  important  in  the  understanding  of  the  cloud  life  cycle 
P r oc e ss . F u r t h e rmor e , if  a re as o n ab 1 y sma 11  grid  inter  v a 1 i s u se  d , mu  c h 
of  the  turbulent  transports  are  explicitly  resolved.  In  this  case,  the 
choice  of  a particular  turbulence  closure  scheme  for  the  mode  1 , which 
accounts  for  processes  acting  at  a scale  less  than  the  grid  interval , may 
not  be  as  crucial  to  the  results.  In  this  sense,  the  universality  of  the 
closure  need  not  be  as  rigorously  established  as  in  the  case  of  a i-D 
mode  1 wh ere  e sse n t i a 1 1 y all  tur bu lent  t r an sp or t proce sse s ar e 
p ar ame t r i c a 1 1 y represented. 

3 . 2 De  sc  r i p t i on  of  the  Mode  1 

i he  governing  system  of  equations  for  the  model  is  composed  of  four 
prognostic  equations  and  three  primary  diagnostic  equations  together  with 
a number  of  secondary  diagnostic  relationships.  The  system  is  anelastic 
an  u emp i oys  the  Bou  s i n e sq  u e ap  p r ox i ma t i on  ap p r op r i a t e f or  sh  a 1 1 ow 
c on v e c t i on . Th u s , the  h y dr odyn am i c s ar e n on -d i v ergen t . Con s i stent  w i t h 
the  two-dimensional  approach  and  the  local  scale  focus  of  this  study,  the 
has  i c state  or  1 ar  oe  — sc  ale  e n v i r onmen  t i s assume  d h or  i z on  t a 1 1 y u n i f orrri  an  d 
Coriolis  effects  are  neglected.  Table  1 identifies  the  model  variables  and 
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LIST  OF  MODEL  VARIABLES  AND  NOTATION 


u,  w:  the  horizontal  and  vertical  components  of  the  two- 

dimensional  velocity  vector,  \v. 

ip:  the  stream  function  or  velocity  potential  field, 

where 


C: 


0: 

e0(z).  q0U): 


0,  q>  t: 


n0(z): 


C: 


FR: 

L: 

R: 


g: 


u =-||  and  w = H . 

the  component  or  vorticity  normal  to  the  (x,z) 
plane,  where 


— r-7 2 . _ 3w  3u  / r\ 

« = 7 * - - li  ■ (5) 

the  layer  mean  basic  state  potential  temperature. 


the  basic  state  potential  temperature  and  water 
vapor  specific  humidity. 

the  perturbation  potential  temperature,  water  vapor 
specific  humidity,  and  liquid/ice  phase  water 
specific  humidity. 


a representation  of  the  hydrostatic  basic  state 
pressure,  PQ(z)»  where 


IT 


the  viscosity,  thermal  diffusivity,  water  vapor 
diffusivity  and  liquid/ice  phase  water  diffusivity, 
respectively. 

the  condensation/sublimation  rate  per  unit  mass  for 
water. 

the  net  radiative  flux  per  unit  area  defined  as  posi 
tive  when  the  net  flux  is  directed  upward. 

the  specific  latent  heat  of  condensation/sublimation 
for  water. 

the  real  gas  constant  for  dry  air. 

the  specific  heat  capacity  of  dry  air  at  constant 
pressure. 

the  acceleration  due  to  gravity. 


TABLE  1 
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LIST  OF  MODEL  VARIABLES  AND  NOTATION  (Continued) 


e: 


J: 


the  ratio  of  the  molecular  weight  of  water  to  the 
molecular  weight  of  dry  air,  i.e. 


a constant  reference  pressure. 


the  two-dimensional  Laplacian  operator,  where 


the  Jacobian  operator,  where 


J{ A,  rfi) 


. 3A  _ 3A  3i|j 
9x  9z  9z  9x 


TABLE  1 
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n o t a t i o n u s e d b e I ow 


ar  e : 


The  d r ogn os tic  e q u a t i on s 

||  - ^(5.  ♦)  + g|jj|  + iLi-siq-*|  + vV25  (1) 

!g  p V 

L gTTS{  + ke  V2  0 (2) 

II  = J (q  ,+  qo,  jp)  - C + kq  V2  q (3)' 


||  = J*  (l,  ip)  + C + V2  l (4) 

wh ere  the  n o t a t i on  i s as  q i v e n be  1 ow . 

Eq u a t i on  < i > i s t h e v or t i c i t y e q u a t I on > wh i c h i s the  gov erni n g 
dy  n am  i c equation,  ap p r opr  i a t e to  this  mode  1 . The  individual  t e rrns  on  t h e 
r i gh t -h an d s i de  ac c ou n t f or  the  ad v ec t i on  of  v or t i c i t y 5 the  qe n e r a t i on  of 
v or  t i c i t y by  buoy an c y f or c e s , and  the  d i f f u s i on  of  v or t i c i t y , wh i c h 1 e ads 
t o the  v i sc  ou s d i ss i p a t i on  of  kinetic  ene r g y . Eq  u a t i on  < 2)  is  t h e 
gov ern i n g t h e rmodyn am i c e q u a t i on . Th e f i r s t t e rm  ac c ou n t s f or  the 
ad v e c t i on  of  p o t e n t i a i h e a t wh i 1 e the  1 as  t t e rm  ac  c ou n t s f or  the  rma 1 
diffusion.  Note  that  thermal  diffusion  is  assumed  not  to  act  on  the  basic 
state  and  recall  that  for  a Bousinesque  system  the  perturbation  potential 
temperature  may  be  regarded  as  a constant  times  the  temperature  deviation 
from  the  basic  state  temperature  distribution  e.g.  Oqura  and  Phillips 
< i 962  •'  . In  add  i t i on  , the  c on  t r i bu  t i on  s due  to  d i aba  tic  < sour  c e/s  i n k > 
p r oc e sses , i . e . r ad i a t i on  an d wa t e r su bs t an c e p h ase  c h anqes ? ar e t ak e n 
into  account.  Equations  (3)  and  < 4 ) are  budget  equations  for  water  vapor 
and  non -vapor  water  substance , respectively.  Advection  and  diffusion 
effects  and  phase  change  source/sinks  are  included.  The  advective  term  in 
Eq . < 4)  may  be  mod i f i e d in  or de  r t o ac c ou n t f or  the  f a 11  v e 1 oc i t i e s of 
wa  ter  dr op s/ ice  c r y s t a 1 s , i . e . J* . 
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may  be  read i ly 


A basic  state  vertical  velocity,  w ? 
inc or Donated  into  this  model.  In  this  case,  the  following  terms  would  be 
required  on  the  right -h a n d sides  of  e q u a t i on s < i > - C 4 > , r aspect i v e 1 y , 


- w 


is. 

0 3Z 


- w 


9(0  + e0) 


o 3z 


- w 


9(q  + qQ) 


0 3z 


- w 


dZ 

o 3z 


(1.1) 

(2.1) 

(3.1) 

(4.1) 


Also,  equations  describing  the  resulting  temporal  dependence  of  the 
the rmodyn am i c s t r u c t u r e of  the  bas i c s t a t e wou 1 d be  r e q u i red. 

The  primary  diagnostic  equations  are  Equation  <5>  which  diagnoses  the 
s t r e am  f u n c t ion  field  f r om  the  predicted  v or t i c i t y field,  and  d i a on os  t i c 
equations  to  determine  Fp,  <x,z)  and  C < x , z ) . In  this  regard, 
secondary  diagnostic  relations  are  required  to  determine  the  pertinent 
1 oc a 1 r ad i a t i v e c h ar ac ter i s t i c s an d m i c r op h ys i c a 1 c h ar ac t e r i s t i c s 
i nc f u ding  th e mod i f i c a t i on  of  J < 1 , v ) t o J *(]  5 v > an d the  d i agn os i s 
of  sa t u r a t i on  wa ter  v ap or  p r e ssu re.  The  met h ods  emp 1 oy e d for  the 

diagnosis  of  bp,  and  C are  now  being  developed  and  will  be 
P a r am e t r i c t o s om e degree  . 

The  lateral  bou n dar y c on d i t i on  emp 1 oy e d i s that  the  so 1 u t i on  i s 
periodic  in  the  horizontal  direction.  The,  wn<t)  must  be 

everywhere  a constant.  The  dynamic  boundary  condition  evoked  at  the  upper 
and  1 owe r bou n dar i e s is  t h at  the  p e r t u r ba t i on  v e 1 oc i t y is  zero  at  t h e se 


levels,  i 
Note  that 


e . ’4‘  < x 5 aT 0 P ) = v < x , ZB0TT0M  > = c on  s t an  t . 
the  basic  state  is  regarded  as  at  rest, 


except  when  wn  + 
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This  is  not  too  limiting  a. s the  plane  of  interest  may  be  regarded  as 
d erne  n d i cu  1 a r t o a m e a n f 1 ow  a n d a d v acted  with  t hi  e m e a n f 1 ow  » Furthermore  , 
a n o s t r e ss  c on u i t i on  i s i mp ose d a t the  u p p e r an d l owe r bou n dar I es, 

S i in  i 1 ar  1 y , n o t h e rma  1 , wa  t e r v ap  or*  or  n on  - v ap  or  p h ase  wa  t e r su  bs  t an  c e 

diffusion  is  permitted  across  the  upper  and  lower  boundaries.  These 

bou  n dar i e s ar  e a 1 so  r e q u i r e d t o ma i n t a i n the r mo dy n am i c p r op e r t i e s de t e r m i n e d 


entirely  from  the  basic  state,  i.e. 


0 = q = 1 =0  a t z 

— 

zT0P  5 z BOTTOM 

M 

I t may  be 

nece ssar y t o r e 1 ax 

t h 

i s requ i remen t 

f o r 

i at  some 

later  t i me , whe  n 

the  mode  1 

may  be  mod i f i ed  i n 

or 

der  to  account 

f er- 

p  r e c i p i t a t 

i on  processes . 

The  spaci 

al  gr i d emp  1 oyed  i s 

.5. 

s t a g g e r e d g r \ d 

as  i 

In  Asai  and 

Nakamura 

( 1 978) . 

For  this  gr i d , dynam 

i C 

qua.n  titles,  i 

,e  , l- 

p and  :i  , ar 

e 

de fined  on  a 11  bou  n dar I e s an d a t re  gu 1 ar 1 y sp ac e d qr i d p o i n t s in  the 
interior.  The  thermodynamic  quantities,  i.e.  0,  q,  and  1,  are  defined 
at  points  equally  spaced  between  the  nearest  four  dynamic  grid  points,  i.e 
at  half  1 e v els  in  bo  t h x an d z « This  sys t em  h as  su  bs  t an t i a 1 c omp  u t a t i on a 1 


ad  v an  t age  s , i.e.  L i 1 1 y ( i 965 ) . The  grid  inter-  v a 1 i s c u rrenti  y specified  as 
1 0 0 m an d the  doma i n i s 3.1  km  in  the  v e r t i c a 1 an d 6 .3  km  in  the  h or i z on t a l . 
A larger  h or i z on t a 1 doma i n may  be  u se d f or  t h e ac t u a 1 s i mu  1 a t i on s . The 
resulting  time  step  required  for  computational  stability  is  on  the  order  of 
30  seconds.  A finer  grid  will  be  tested. 

The  e sse  n t i a 1 n ume  r i c a 1 t e c h n i cues  ernp  1 oye  d f o 1 1 ow  f r om  Ar  ak  aw  a < 1 966 ) 
for  the  advective  term  in  the  dynamic  equation,  Lilly  (1965)  for  the 
ad  v e c t i v e t e rrn  in  Eq  s . ( 2 ) an  d ( 3 ) , an  d Swar  z t p au  be  r an  d Swe  e t (1  975  > f or 

the  solution  of  Eq . (5),  The  advective  term  in  Eq . (4)  is  evaluated  by  a 
modified  version  of  Lilly's  method.  The  Lap  1 ac i an  operator  is  evaluated  in 
its  standard  finite  difference  form.  The  time  integration  scheme  is  a 


filtered  1 e ap f r og  me  t h od  foil ow i ng  f r om  Asse 1 i n < 1 972 > . Th e p r e 1 i m i n ar y 
diagnostic  solution  for  C utilizes  Newton's  method,  e.g.  Hack  and  Schubert 
(1976).  The  evaluation  of  the  vcrticity  generation  term  is 
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standard  except  that  a vertical  -flip-flop  weigh  ting  scheme  is  employed  to 
prevent  locking  in  of  a checkerboard  noise  pattern. 

The  viscous  and  diffusion  terms  account  for  the  effects  of  subgrid 
scale  turbulent  mixing  processes,  which  are  not  resolved  by  the  model.  As 
such,  the se  t e rms  ar e p ar ame trie  in  n ature . Th e y a 1 so  sen v e the  p u r p ose 
of  minimizing  computational  errors,  e.g.  truncation  errors,  which  may 
result  in  the  generation  of  non-physical  modes  in  the  solution.  At 
present,  the  eddy  viscosity  and  diffusion  coefficients  are  specified 
constants.  A true  first  order  closure  for  the  turbulent  transports,  e.g. 
Lilly  (1962)  may  be  tried,  where  these  constants  are  locally  diagnosed 
f r om  the  v e 1 oc i t y de f orma t i on  field  an d a f ew  sp e c i f i e d c on s t an  t s . 

Howe v er  , it  is  u n c 1 e ar  i f an  y adv an t age s f r om  su c h a me  t h od  ou twe I gh  t h e 
ad de d c omp u t a t i on  a 1 re  q u i r erne  n t s . 

The  performance  of  the  numerical  schemes  is  currently  being  tested. 
Prel imi nary  resul ts  based  on  a dry  version  of  the  model , i .e.  , prognostic 
Ea  u a t i on  s < 1 —3  >. , indie  a t e a v e r y sa  t i sf  ac  t or  y perf  orman  c e . The  p h y s i c a 1 
c on se r v a t i on  principles,  I . e . c on se r v a t i on  of  total  e n e r gy , are  we  1 1 
obeyed.  The  advective  terms  are  conservative  to  better  than  10  decimal 
places  and  no  instabilities  have  been  encountered,  e.g.  growth  of 

<0  + eo>£  or  £2 

and  mean  layer  kinetic  energy  in  the  absence  of  buoyancy  generation  or 
diffusion  from  an  initial  noisy  pattern  of  •?  . In  order  to  baseline 
the  dry  model,  the  numerical  experiments  of  Arnason , et  al . <1968)  on  dry 

convection  in  a neutral  environment  have  been  reproduced.  Their  numerical 
techniques  are  substantially  different  than  those  used  here.  In  most 
regards,  the  performance  of  our  model  was  much  superior  to  theirs  in  terms 
of  t h e abov e c on cents.  Howe v e r , an  e x p licit  the rma 1 d i f f u s i on  sc h erne  was 
required  in  our  model  in  order  to  suppress  nonphysical  computational 
modes.  They  use  an  advective  scheme,  which  effectively  adjusts  the 
diffusion  coefficient  to  the  value  required  locally  to  suppress  truncation 

err  or  s . Howe  v e r , t he  i r sc  h erne  i s ap p ar  e n 1 1 y n on  ~c  on  se r v a t i v e , wh  i c h i s a 
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se  r i ou  s dr  awbac  k . A 1 so  ? base  d on  an  an  a 1 ys  i s of  their  re  s u i t s c ornp  ar  e d t o 
experiments  performed  with  our  model,  they  may  substantially  over est i mate 
the  required  1 oc a 1 smoo t h i n g n e c e ssar y f or  r e a son ab 1 e su ppre ss i on  of 
c omp u t a t i on a 1 mode s due  t o t r u n cat i on  e r r or . I n summer y , the  n Lime r i c a 1 
techniques  in  corpora ted  into  the  model  have  yielded  very  good  results  to 
date  and  warrant  further  development  along  these  lines. 
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4.0 


THE  OBSERVATIONAL  COMPONENT 


4 . i Types  of  Phenomenon  to  be  Observed 

Following  the  directives  of  the  JOC,  WMO  document  quoted  previously 
we  specifically  target  four  types  of  middle  and  upper  tropospheric 
cloudiness.  These  cloud  types  meet  the  following  specifications:  They 

are  of  suf f i c i en 1 1 y 1 arge  t i me  and  space  seal e s to  all ow  col  1 ec  t i on  of  an 
adequate  data  set;  they  occur  sufficiently  frequently  and  are  of 
sufficient  ar e a 1 extent  t o s i qn i f i c an  1 1 y i mp ac t the  e ar t h '* s r ad i a t i on 
bu doe t ; an d t h e y ar e t y p e s of  c 1 ou dine ss  f or  wh i c h n o ade quate 
o ar ame terizations  e x i s t i n GCM ' s . 

The  spec i f i c cl ou d types  are  listed  be  1 ow: 

1 ) p r e warm  f r on t a 1 C i S t 

2 ) su b t r op  leal  C i 3 1 , not  assoc i a t e d direct! y w i t h ac  t i ve 
con vec t i on 

3)  e x ten  de  d Ac u assoc i a t e d w i t h ov e r r u n n i n g of  Gu 1 f 
mo i s t u re  in  c e n t r a 1 m i dwe s t e r n U . S . 

4 > Cb  anvil  cirru s a t v ar i ou s d i s t an c e s f r om  sou r c e 
r eg i on . 

In  addition,  the  ahoy e cloud  t y p e s h a v e the  foil ow i n g c emmon 
characteristics.  These  cloud  types  may  be  found  relatively  isolated  from 
other  cloud  features  which  complicate  observations  and  interpretations  and 
are  observed  to  cover  very  large  areas  which  emphasizes  their  importance 
to  the  planetary  radiation  budget.  Category  4 was  selected  for 
observation  so  that  mid-latitude  radiative  char  ac  ter  i.st  i cs  of  Cb  anvils 
could  be  compared  with  the  results  reported  by  Griffith  and  Cox  (1977)  and 
in  view  of  their  potential  importance  in  tropical  rainfall  generation 


< UJe  bs  ter  an  d Stephen  s , 1 980  ) . 
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4 - 2 Experiment  Setting 


In  an  attempt  to  logically  select  a geographical  location  and  time 
period  which  would  optimize  chances  for  observing  the  phenomenon  of 
interest,  we  have  examined  five  years  of  continental  U.  S.  radiosonde 
data.  Although  a number  of  variables  were  analyzed  the  most  useful 
variables  were  middle  and  upper  tropospheric  relative  humidities  with 
respect  to  both  liquid  water  and  ice. 

4.2.1  Loca t i on 

An  examination  of  both  mean  values  and  variability  of  these 
climatological  relative  humidities  clearly  indicates  the  preferred 
location  and  timing.  Figures  3-7  for  the  spring  season  (MAM)  suggest  an 
experiment  location  bounded  by  82°U)  and  95°W  longitude  and 
43°N  and  31 °N  latitude.  This  region  shows,  during  the  spring 
season,  a tendency  for  high  relative  humidities  with  low  variability, 

4.2.2.  Timing 

The  timing  of  the  experiment  phase  requires  at  least  one  additional 
piece  of  information.  Although  the  mean  relative  humidities  are  slightly 
higher  in  late  spring,  their  variabi 1 i ty  also  increases  as  does  the 
frequency  of  occurrence  of  convection.  Since  we  are  not  concerned  with 
strong  convective-dynamic  systems  in  this  study,  and  convection  is  likely 
to  produce  strong  local  anomal  i es  in  the  middle  and  upper  tropospheric 
moisture  and  cloud  fields,  it  would  be  preferred  to  hold  the  experiment  in 
the  early  part  of  the  spring  season.  A tentative  start  date  for  the 
experiment  would  be  late  February  with  completion  targeted  by  15  April. 

Because  of  the  c omp 1 e x i t i e s in  mak i n g upper  t r op osp her i c obse r v a t i on s 
of  most  var iables  and  the  lack  of  a pri or i obse r vat  ions  it  wi  11  be  h i gh 1 y 
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Figure  5.  Mean  relative  humidity  with  respe 
spring  season. 


Figure  6.  Standard  deviation  of  the  relative  humidity  of  the  700-500  mb  layer  for  the  spring  season. 
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4 . 3 Re  q u i red  obser  v a t i on  s an  d o 1 a t f or  ms  . 

Table  2 out  I ines  the  required  observations  -for  the  middle  and  upper 
t r op osp her i c c 1 ou d e x per i me n t . Th e se  obse r v a t i on s ar e hr ok e n i n t o two 
space  seal es  , c 1 oud  seal e and  meso—synop t 1 c seal e . It  is  assent i al  to 
o b s e r v e Dot n s cal  e s s i nee  o n e e x pact s s i q n i *f  i c a n t s e n si  t i v i t y o f t h e c 1 o u d 
f or ma t i on  an  d ma i n tan an c e to  both  sc  a ) e s of  mo t i on , 

T a b 1 e 3 p r e s e n t s t w o 1 I s t s o f reaui r e d p 1 a t f o r m r e s o u r c e s f o r th i s 

e x per i me  n t « the  first  list  is  f or  t h e m i n i mum  pi  a t f orm  r e sou  r c e s r ecu  1 red 
t o meet  mos  t e x p e r i men  t ob  j ect  i v e s . We  e s t i ma  t e t h a t 60A  of  t h e 
objectives  could  be  met  with  these  resources.  The  second  list  contains 
the  opt i mu m p 1 a t f o r m c on  f i o u rat i on \ w i t h these  r e s o u r c e s a v a i {able 
v i r-tu  a 1 1 y all  e x per  i me  n t a 1 ob  j e c t i v e s c ou  1 d be  ad  dr  e s sea  . 
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TABLE  2 


REQUIRED  0 BSE R VAT  I DNS 


CLOUD  SCALE 


M E S 0 - SYN  0 FT  I C S CA  LE 


STATE  PARAMETERS 

PLATFORM 

PLATFORM 

Temperature  <x,y,z> 

A/C 

R aw i n s o nde-sat 

e 1 1 i te 

Li  a ter  vapor  ( x , y , z ) 

A/  C 

u 

il 

Surface  Temperature 
D YN AM I C PA RAM  ET  E R S 

A/C 

Sate! 1 i te 

U i n d Comp  on  ent  s 

u.  < x , y , z > 

A/C 

Raw i n sonde 

y < x , y ? z ) 

A/C 

H 

w < x , y , z ) 

MICROPHYSICAL  PARAMETERS 
Liquid  water  content,  1 

Stc.  Doppler 
L i dar 

if 

1 < x 5 y , z ) 

A/C 

Ice  water  content 
Crystal  hahi  t 

A/C 

Cr  ye t a 1 or  i e n t a t i on 

Freezing  nuclei 
Type 

A/  U 

Concert  tr  at  i on 
Size  0 i s t r i but i on s 
(ice  & 1 i q u i d > 

BULK  CLOUD  FEATURES 

A/C 

He i gh  t 

A/C 

Sate  1 1 i te 

Trans  1 at i on 

Sfc . Li dar 

Sa  t e 1 1 i t e 

Areal  ex  tent 

A/C  Photo. 

Surface , Sate  1 

1 i te 

3-D  neph 

A/C  Photo. 

S u r face  , Sate! 

I i te 

Cloud  t op oqr  ap h y 
un  i -form  i ty 

A/C  L i dar  & 
Surface  Li dar 

Sate  1 1 i t e 

RADIATION 

Ktf  TOT,  VIS,  NIR 
< x , y , z ')  d\  [ 0 , S ] 

A/C 

Surf ace -Sate  1 1 

i te 

Ltt-  TOT,  10 Urn 
< x , y , z ) AX  £ C , S 3 

A/C 

Surf ace -Sate  1 1 

i te 
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A/C 


Surf  ace -Sate  1 1 i t< 


10  Hm,  Mis, 

1.6  r'-m . . . . C C , s j 

K^X  = spectral  short  w a u e i r r a d i a n c e 
i-c x — spectral  long  wave  ir radiance 
I X -1  = spectral  radiance  at  selected  wavelengths, 
X,  and  an q 1 es  41 


TABLE  2 
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TABLE  3 


MINIMUM  REQUIRED  PLATFORM  RESOURCES 

AIRCRAFT  (2) 

i m i croDhys i cal  + r ad i a t i on  + s t ate  + dyn am i cal 
i rad i at i on  + microphysical  + state  + dynamical 
SATELLITE 

i GEO  SAT  with  IR  + C I S imagery 
SURFACE 

NUJ  S 0 0 and  12  Z r aw  i n s o n d e 
NLJ S 3 h o u r s u r t a c e data 
i bu p 1 3.c s Li  da r 

Q FT I M UM  P L AT  F 0 RM  R E S 0 U R C E 5 

A I R CRAFT  ( 3 ) 

i m i croohys i cal  + s t a t e + dyn am i c a 1 + r ad i a t i on 
1 rad i a t i on  + m i cr ophys i cal  + state  + dynamical 

1 dyn am i cal  + s t a t e + mi c r op h ys i c a 1 + r ad i a t i on 
SATELLITE 

2 GEO  SAT  with  CAS 

2 Low  or b i t w i t h sou n de r an d i mag i n g 
SURFACE 

2 Surface  Doppler  Lidar 
1 Surface  Lidar 

NWS  on  s i x h ou r r aw i n son  de  sc  h ecu  1 e du ring  s t u dy  peri ods 
Ho u r 1 y su  r f ac e da  t a i n c 1 u d i n g a l 1 -sk y c on  t i n u ou s p h o t ogr ap  h 
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1 Types  of  Aircraft  Required 


In  the  optimum  configuration  three  aircraft  are  required.  Ideally 
a 1 i three  wou  Id  be  c ap  ab  1 e o-f  op  e r a t i n g be  t w e e n altitude  s of  12,0  0 0 feet 
to  50 , GOO  feet  at  airspeeds  less  than  100  mps.  This  is,  of  course 
unreal  i s tic.  Con  si  der  i no  the  type  and  avai  1 ab  i i i ty  of  i nstr  umen  tat  i on  , 
compromises  on  both  airspeed  and  altitude  ceiling  are  probably  necessary. 
We  s t ate  f o 1 1 ow I n g mini  mum  cr i t e r i a s 

1 . On e a i r c raft  w i t h op e r a ting  c ap  ab i 1 i t y to  at  least  41,000  feet, 
and  airspeed  less  than  150  mps. 

2 . T wo  a i rcr af  c c ap ab 1 e of  op e r a ting  t o 35 , 0 00  feet  w j t h air s pee ds 
1 e ss  t h an  1 50  mp s , 

Table  4 lists  the  sp e c i f i c o b s e r v a t i o n s r equ i red  for  the  three 
a i r c r a f t in  t h e op  t i m u m p 1 a t f or m c o n f i gu  r a t i on  referred  to  in  T ab 1 e 3, 

The  c omm o n m e a s u rements  c o 1 u m n i nsure s the  red u n d a n c y o f a b a s i c 
comp  1 errien  t of  measu  remen  ts  . The  advan  t age  s of  th  I s ccnf  i our  at  i on  are 
d i s c u s s e d in  the  f o 1 1 ow i n g sect i o n . 

4.3.2  Modes  of  Pi  attorn  Ut i 1 i zat i on 

T h e mode  of  o p e r a t i o n of  the  v a r i o u s o b s e r v a t i o n a 1 sy s t e m s w ill  vary 


•from 

system 

t o s y s 

tem , For  the 

purposes 

of 

this  proposa 

1 we 

shal 1 outline 

the 

normal 

ope  rat  I 

on s mode  for 

the  major 

me 

asu remen t 

sys 

t e m s 

referred  to 

in  Table  2. 

Under 

each  oose r v i 

ng  system 

a 

sem i -quan t 

i ta 

t i V e 

at  temp  t i s 

made 

to  ass 

e s s t h e 

impact  this 

requ i remen t 

wi 1 ) have 

on 

the 

correspond i ng 

f ac  i 

1 i ty  or 

the  e s 

t i m a ted  co s t 

of  the  se r 

v i 

ce  . 
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ABLE  4 


REG: U I K L D A I R C R A F i 0 B S E RVAT I ON S 


C omm  o n m e a.  s u r e m e n t s 
for  al  1 A/C 


Sp  e c i -f  i c addition  a 1 
measurements  -for  A/C 


H o u s e k e e p i n g 


S ta.te 

p a r am e ter s 


Dynam  i c 
p ar ame ters 


Rad i a t i on 
p ar ame  ter  s 


M i crophys i cal 
par ame  ters 


0 1 h e r 


T i me 
Head i nq 

Pos i t i on 
Pi  t c h 
Rol  i 

U r o u n d y pee  d/ A i r s peed 
Radar  Asti tude 


1 ji  a n o o 

(refer  to  Aircraft 
spec i al i zat i on ) 

1 . rad i at i on 

2.  cloud  physics 

3.  dynamic 


S t a t 

i c pressure 

M ; P 

temperature 

Fr  on 

t/Dew  p o i n t 

temper a t u r e 

Tc  1 d 

< s i de  1 ook 

i ng  rad  i orrie  ter 

Ts f c ( d ow n w ard  1 o o k i n a r a d i om e t e r ) 

Li i n d sp e e d/D i r e c t i on  < u , u > u , u " 

v ? v 

t'J  , uj  *'* 


3 


Kt 4TOT  ,M I S , N I R b>,  <$>“1  OI*m 

OkiTl 
1 . 6km 

Lt +jot  Sa tell  i t e gr ou n d 

truth  rad i ome t e r s 


Nt  10  km 
< T_  j;  ..  *> 


L i d a r ( d ow  n w a r d 
1 ook i nq) 


LUC 

IWC 

n(r)  or  n <z!x  , A y 


Ice  crystal 
Habi  t 

Or  i e n t a t i on 


Photogr aphy 
Down  1 ook i nq 
S i de  1 ook i ng 


N u c 1 e i 
Freez i ng 
G i an  t 
A i t k e n 
Compos i t i on 
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NW S R aw  i n s o n d e a. n d S urt a c e 0 b ■=. e r u a t i o n s 


Du ring  a s i x wee k e x per iment  peri od  the  NWS  su p p or t ac t i m i tie s 
surface  + r aw  i n s o n d e ) w o u 1 d be  t he  i r n o r m a 1 S 0 P - D u ring  t h i s s am e s i x 
w e e k period  w e w ou 1 d anticipate  e i g h t 4 8 h o u r per i o d s w i t h r aw i n s o n d e s 
released  at  three  hour  intervals.  During  the  same  intensive  periods 
su r f ac e obser v a t i on s wou Id  be  c o 1 1 acted  h ou r 1 y , 

I MPACT : 96  add i t i on a 1 r aw i n son de  r e 1 e ase s + p e r son n e 1 /s tat i on 

A i rcraf  t 

During  the  six  week  experiment  period  each  aircraft  would  be  based 
within  or  close  to  the  experiment  region.  Based  upon  prediction  of  the 
desired  phenomenon  and  real  time  sate  1 1 i te  and  aircraft  data,  the  aircra 
wou 1 d be  dep 1 oyed  to  the  spec i f i c ex per i men  t targe t . We  wou 1 d an  t i c i pat 
20  four  hour  sorties  per  plane  during  the  six  week  experiment.  There 
wou 1 d be  more  sor t i e s t h an  NWS  intensive  peri ods  s i nee  mos t sys t ems  w I 1 1 
require  more  than  one  sor t i and  some  targets  ( i . e . Ch  anvi 1 cirrus)  wi 1 1 
not  require  i n t e n s i v e NWS  su  p p or t . 

I MPACT : 80  a i r c r af t flight  h ou r s/AC . 

In  addition  to  the  platform  requirements  and  committments  outlined 
above,  considerable  resource  committments  must  be  made  for  aircraft 
r ad i a t i on  « m i c r op h y s i c a 1 , s t a t e an d dyn am i c s h ar dwar e . arc h i v e an d da t a 
re due  t i on . 

In  the  optimum  3 aircraft  configuration  we  envision  three  highly 
similar  i n s t r ume n tat i on  c on f i gu rat i on s for  r ad i at i on ■ m i c r op h ys i c s , s t a t 
and  dynamic  measurements.  As  such,  the  aircraft  could  be  deployed 
serially  to  observe  evolution  of  middle  and  upper  tropospheric  cloud 


fiel ds  or  a t the  same  t i me  to  re v e a 1 a mor e near! y s i mu  1 t an e ou s 3D 
structure  of  the  radiation,  microphysics,  state  and  dynamic  variables. 

The  similarity  of  c ap ab  Hit y a 1 so  p r o t e c t s t h e experiment  f r orri  i n e v i t ab  1 e 
aircraft  and/or  instrumentation  malfunctions  at  critical  times. 

I MF’ACT  ; Experiment  s/h  ar  dwar e su p p or  t f or  e ac h a i r c r af  t 20 0 K 
< for  three  aircraft  total  500  K) 

L I dar 

Ranging  - continuous  (5  sec.)  profiling  for  at  least  the  six  week 
experiment  period.  Th i s may  be  r e 1 ax ed  during  peri ods  wh en  mi dd 1 e an d 
upper  t r op osp h e r i c cl ou ds  ar e obv i ou s 1 y abse n t . 

Doppler  - continuous  operations  during  aircraft  operations  periods 
an d du ring  p or  t i on s of  NWS  i n ten s i y e op e r a t i on s . 

I MFACT ; Ran  g i n g - ap p r ox i ma  t e 1 y 720  ope r a ting  h ou r s 
Dopp 1 er  - approx i mate  1 y 1 50  operat i ng  hours 

Sate  11  i te 

During  the  entire  six  week  experiment  period  all  satellite  Imagery 
an d r ad i one  trie  data  collected  f r cm  ge os tat i on ar y and  i ow  or b i ting 
meteorological  satellites  oyer  the  experiment  area  will  be  archived.  In 
add i t i o n , real-time  i nf rare d an d v i s i b 1 e i m a g e r y f r om  the  a p p r op r i ate 
sector  of  a geostationary  image  must  be  available  to  experiment  planners 
t h r ou qh  ou  t the  e x p e r i me n t . 

I MPACT 5 A > Con  t i n u ou s op e r a t i on  of  gr  ou n d rece i v i n g 

s t a t i on  f or  ar c h i v a 1 an d m i ss i on  p 1 an n i n g , 

execution.  Impact  6 week 

3 *37,500 

B>  Satellite  data  archive  requirements  not 
ye  t asc  er t a i ned,  bu  t s i gn i f i c an t . 
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4 , 4 Oi:»  t i on  s f or  t h e Ohse r v a.  t i on  a I Pr  oar  am 

Faced  with  current  realities  of  restricted  resources  available 
pur  su i n g wo r t hwh lie  scientific  goa 1 s , we  w ill  n ow  c on s i de  r se v e r a 1 
different  options  for  the  observational  program.  The  most  attract i 
option,  n umbe r 1 ? wh i c h c ou 1 d me  e t n e ar 1 y all  the  sc i e n t i f i c obj  e c t 
outlined  in  section  i.i  requires  the  resources  listed  in  Table  4 . 
in  essence  the  full  complement  of  platforms  discussed  in  section  4. 


f or 
ve 

i v e s 
Th  i s 
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OPTION  1 


— Au  omen  ted  Na  t i on  a 1 We  a.  t h e r Se  r y ice  r aw  i 
— Dop 1 er  Li dar  <NOAA , ERL) 

— Rea]  time  G 0 E S s u p p o r t 
— Sate! 1 i te  data  arch i ye 
— 7h  r e e re  se ar  c h a i r c r at t 

a « Radi  a t i o n s pec i ai  i z a 1 1 o n 
b - M i c r op  h y s i ca  1 sp e c i a 1 i z a t i on 
c . D yn am  ? c s sp  e c i a I i z a t i on 

OPTION  2: 

— S am e a s opt i o n 1 a b o y e e x c e p t o n 1 y t w o 
— 7 wo  r e se ar c h a i rcr at t 

a . Rad i a t i on  sp e c i a 1 i z a t i on 
b . ii  i c r op  h y s i c a ! sp  e c i a 1 i z a t i on 


OPTION  3s 

— C o n y en  t i oral  NLJ S r aw  i n s o nde  o p e r a t i o n s 
— Rea!  time  GOES  support 
— Sate! 1 i te  data  arch i ye 
— Two  r e se ar c h a i r c r at  t 

a . R a d i a t i o n s pec i a 1 i z a t i o n 

b . M i c r op h y s i cal  sp e c i a ! i z a t i on 


OPTION  4: 


— C o n y en  t i o n a 1 NLJ S r aw  i n s o n d e o b s e r y a t i o n 
— Sate] 1 i te  data  archive 

— One  re  se ar  ac h a i r c r at  t - r ad i a t i on  sp e c 


TABLE  4,4.1  . 

h LT  E RNrT  I cz  LX  PERI  N ENT  A L PR  u G K AM  L ii1-/  ELS 


s o n d e re  1 e a s e s 


r i rcr at  t 


:00  and  12  Z > 


<00  and  12  Z ) 
al  i zat i on  * 

U F bFF  LI  KT 
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Option  2 wou  Id  be  si  m i ! ar  t o op  t i on  1 w i t h the  exception  of  one  f ewer- 

aircraft.  Relying  on  two  instead  of  three  aircraft  would  affect  the 

experiment  in  two  ways.  Aircraft  data  could  not  be  collected  in  as  near  a 

s i mu  1 tan  e ous  time  f r ame  as  w i t h three  aircraft ; an d the  exper i me  n t wou 1 d 

become  more  vulnerable  to  aircraft  and  instrumentation  failures.  These 
latter  problems  could  largely  be  compensated  for  by  increasing  the  length 
of  the  e x per i me n t . 

Option  3,  outlined  in  Table  4 significantly  decreases  the  resources 
requ i red,  but  at  the  same  time,  limits  the  ability  of  the  experiment  to 
me e t the  full  c omp lement  of  scientific  go a 1 s . Op  t i on  3 wou 1 d re  1 y on  on  1 y 
the  0 0 an d 12  Z sou n d i ngs  &v a i 1 ab 1 e f r om  t h e NWS  r aw i n son de  n e twor k . Th i s 
wou 1 d se v ere  1 y 1 i m i t our  ab i 1 i t y to  define  the  sy n op 1 1 c sc ale  c on d i t i on s 
and  only  the  most  static  cases  could  be  considered  for  model  verification 
studies.  In  add i t i on  by  not  utilizing  the  dop pier  1 i dar , we  give  up  an 
opportunity  to  define  the  smaller  scales  of  vertical  motion  in  these  cloud 
systems . 

I n summar  y , w i t h op t i on  3 a su bs t an  t i a 1 r e du  c t i on  of  r e sou  r c e s 
required  has  been  made  at  the  expense  of  developing  a complete  physical 
representat i on  of  syn op t i c an d mi c r o sc a 1 e mo t i on s . 

Option  4 puts  this  experiment  back  at  a single  institution  level.  In 
add i t i on  t o the  c omp r om i ses  noted  ahov  e , op t i on  4 i n e sse  nee  relies  up  on 
only  one  aircraft  and  other  conventional  data.  While  such  a limited 
i n v e s t i ga t i on  wou ] d y i e 1 d some  n ew  i n f orma t i on  on  t h e r ad i a t i v e an  d 
mi crophysi cal  properties  of  upper  tropospher i c clouds,  the  complete  set  of 
ob j ect i v e s ou  1 1 1 n e d i n se c t i on  i . 1 c ou Id  not  be  met. 

Probab 1 y the  be  s t c omp r om i se  a v a i 1 ab 1 e f r om  the  abo v e options  wou 1 d 
be  to  adopt  option  4 for  the  first  year  observation  program  as  a 
forerunner  to  implementing  option  1 or  2 in  the  following  year.  In  this 
way,  a rather  modest  investment  could  satisfy  the  needs  outlined  in  the 
last  paragraph  of  Section  4.2.2:  the  development  of  strategy  and  hardware 
innovation  for  the  most  complex  component  of  the  experiment,  the  3.\rcr-^ix» 
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Then,  the  second  year  would  see  the  i mo  1 emen tat i on  of  a full 
observational  program  aimed  at  the  broader  set  of  scientific  goals 


seal  e 
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GOALS  AND 


5.0  SPECIFIC  COLORADO  STATE  UNIVERSITY  OBJECTIVES, 

RESPONSIBILITIES 

As  mentioned  in  the  opening  remarks  and  is  obvious  from  the  text,  the 
scope  of  the  Extended  Cloud  and  Radiation  Program  is  beyond  that  of  one 
gr ou p or  age  n c y . Th  e r e f or  e , be  s i de  s p ar  t i c i p a t i on  in  the  pi  an  n i n g an d 
o v era!  1 execution  of  the  e x per imental  p r ogr am , we  p r op ose  to  take 
r e so on s i b I i i t y for  the  foil ow i n g sp e c i f i c ac t i v i ties. 

i.  Continue  development  and  utilization  of  time  dependent 

physical  -numer  i ca.l  model  to  study  the  relative  importance 


of  phys i c 

a 1 proce s s e s in 

t h e f or ma t i on , ma i 

nten an c e 

and 

d i ss i pat i 

on  of  middle  and 

u p per  t r op osp her i 

c c 1 ouds , 

C Proposal 

p e n d i ng  w i th  t h 

e N a t i on  a 1 Science 

F ou  n da  t i 

t on  . 

— 1 

il  ■ 

App 1 y the 

af oremen t i oned 

model  results  to  f 

urther 

spec i + i cal  1 y define  time  an d sp  ac  e sc a les,  critical 
p ar am e t e r s an d ac c u r ac y r equ i r erne n t s of  obse r v a t i on  a 1 
program . 

3 . Tak e 1 e ad  r e sp  on  sibil  it  y i n a i rcr a f t r ad i ome  t e r 
development  and  deployment  for  measurements  of 

Kt  *T OT  , g I S , N I R ; LWt  4-TOT  5 
I Tc1d.  j.5fc 

4 . An  a 1 yz e obse  r v a t i on  a 1 da  t a i n a man n e r e n ab 1 I n q c omp ar i son 
w i th  u p per  t r op osp h eric  cl ou d mode  1 r e su 1 t s . 

5.  Utilize  verified  model  to  investigate  cloud  property 
sensitivity  to  various  processes  and  conditions. 

Our  CSU  research  group  has  been  working  for  the  past  two  years  on 

essential  precedent  problems  to  the  successful  design  and  execution  of  a 

meaningful  upper  and  middle  tropospheric  cloud  experiment.  These 

activities  have  focused  upon  a study  of  the  environmental  characteristics 

surrounding  extensive  areas  of  upper  and  middle  tropospheric  clouds, 

development  of  a phys i cal —numer i cal  model  to  simulate  the  roles  of  the 

various  physical  processes  acting  upon  the  upper  and  middle  tropospheric 

cloud  layer  and  gathering  statistical  information  on  the  duration  and 

geographic  origin  of  these  systems.  A report  containing  the  results  of 
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the  investigation  into  the  attendant  environmental  structures  is  given  in 
Appendix  I.  Section  3.0  described  the  phys i cal -numer i cal  model  currently 
under  development  and  expected  to  be  operational  in  mid  1982.  The  third 
effort  is  currently  under  way. 

In  addition  to  these  three  efforts  designed  principally  to 
investigate  all  physical  processes  interacting  in  upper  and  middle 
tropospheric  clouds,  we  have  performed  numerous  studies  to  examine 
specifically  the  radiative  properties  of  these  clouds.  The  most  recent 
e x amp  1 e s of  the se  e f f or t s ar e Gr i f f i t h , Cox  an d Kn ol 1 enherg , ( 1 980 ) , 

We  1 c h . Cox  ? an d Dav i s ( 1 980 ) We  1 c h , Cox  and  Z du n k owsk i ( i 980 ) an d 
Pal  t r i dge  e t a 1 . ( i 981 ) . 

Th e Principal  In  v e s t i ga t or  h as  e n j oy e d a p r odu c t i v e i n v o 1 v erne n t i n 
many  p r e v i ou s air bor n e rad  i at  i on  me asu r eme n t p r ogr arris , the  mos t recent  of 
which  have  been  GATt.  (1974)  and  MON  EX  (1979)  « 
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6.0  ADMINISTRATIVE  ORGANIZATION  OF  THIS  RESEARCH 
It  is  obv  i o u s -f  r om  t h e sc  op  e of  t he  middle  an  d u p p e r t r op  osp  h e r i c 
cloud  re  se ar c h p r ogr am  that  it  s execut i on  t r an  sc  e n ds  an y on e institution. 
Th e i n v o i v eme n t of  se v e r a 1 gov e r nme n t age n c i e s an d uni y e r si  tie s i s 
essential  to  the  successful  completion  of  this  work.  The  participation 
may  be  conveniently  divided  into  two  categories:  operations  and  f ac I 1 I ty 

sup p or  t an  d re  se ar  c h su p p or t . 

i ft  e platform  res o urce s r equ i re  d cl e a r 1 y dictate  the  participati o n o f 
some  spec i f i c agenc i es . In  add i t i on  i t wi 1 1 be  h i qh 1 y des i rabl e to  have 
r e se ar  c ft  p e r son n e 1 f r om  the  se  same  agenc i e s p anticipate  in  the  e x per i men  t 
and  subsequent  data  reduction  and  analysis.  The  biggest  contribution  of 
t h e uni v e r s i t y c ommu n i t y w ill  be  in  c on du c t i n g sp e c i f i c e x Define n t s w i t ft 
sp e c i f i c h ar dwane  an  d I n t h e an a 1 ys i s of  mu c h of  t h e da  t a . 

The  obvious  operations  and  f ac i 1 i ty  support  required  and  associated 
agenc i es  are  1 I sted  i n Tab 1 e 5 < 


TABLE  5 


Rang i no  L i dar 

Un i ver 

si  ties 

Dopp 1 er  Li dar 

NOAA  < 

ERL,  SELS) 

A i rcr af t 

NAbA , 

NOAA,  NSF  CNCAR) 

A i rcraf t Op e r a t i on s 

r A A 

Sate  11  i t e 

NASA  , 

NOAA 

R aw i n son  d e 

NOAA , 

(NWS) 

From  the  1 ist  comp i led  in  Table  2 and  the  breadth  of  scientific 
talent  required  to  accompl i sh  this  experiment,  it  is  obvious  that  some 
centralized  focal  point  for  coordination  and  resource  deployment  must  be 
e stab 1 i shed . The  bureaucratic  term  for  this  is  a lead  agency.  One  needs 

to  be  identified  before  this  program  can  effectively  proceed.  NASA,  NSF 
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or  NOAA  or  some  combination  of  the  three  are  obvious  civil i an  agencies 
can able  of  taking  this  lead  responsibility.  Table  6 is  a cursory  timetable 
for  a number  of  critical  events  which  must  take  place  if  a successful 
obse r v a t i on  p rogr am  i s t o be  noun  ted  in  the  Sp r i ng , 1 983 , 

The  fol lowing  Quote  from  the  n Report  of  the  Cl i mate  Dynamics  Panel  to 
the  U . S . Committee  for  the  Global  Atmopsheric  Research  Program,  Assembly 
of  Ma t h ema t i cal  an d Ph y s i c a 1 Sc i ence s , Na t i on a 1 Re se ar c h Council,  entitled 
El  erne  n t s of  t h e Re  sear  c h S t r a t e gy  f or  the  Un  i ted  St  a t e s C 1 i ma  t e P r oqr  am 51 

e x p r e sse s the  i mp or t an c e an d t r ac  t ab i 1 i t y of  t h i s r e se ar  c h , 

“4.3,1  ,2  C 1 ou d Rad i a t i on  Dyn am i c I n t e r ac t i on  s 

The  importance  of  horizontally  extensive,  persistent 
tropospheric  stratiform  clouds  in  modulating  the  earth's 
r ad i at i on  budget  i s w i de 1 y ac  c e p t e d , Howe  v er , i mp  r o v e d u n de  r - 
s t an d i n g of  c 1 oud-r ad i a t i on  bu dge t/c 1 i ma t e interact! on s r e q u i r e s 
a k n ow ledge  of  not  on i y the  r ad i a t i v e c h ar  ac  t e r i s t i c s of  the 
c 1 ou ds  bu t a Iso  t h e i r sp a t i a 1 an d temp or a 1 extent s an d the 
physical  and  dynamical  processes  responsible  for  their  formation, 
per  s i s t e n c e , an d d i ss i ? a t i on . The  s t u d i e s mu s t de  a 1 w i t h bo  t h 
low-level  stratiform  clouds,  including  marine  stratus  and 
s t r a t o-c umu 1 u s , an d upper-] e v el  s t r a t i f or m c 1 ou ds , p ar t i c u 1 ar 1 y 
c i rrus  an d a 1 t os t r a t u s . Bo  t h mode  1 i n g an d obse r v a t i on  a 1 s t u d i e s 
are  required, 

Th e p r e c i se  de s i gn  of  the  obse r v a t i on a 1 s t u d i e s r ema i n s 
to  be  determined.  The  observational  effort  must  attempt  to 
define  the  p h y s i c a 1 c h ar  ac t e r i s i tics,  an  d the rmodyn am i c and 
dynamic  structures  of  not  only  the  cloud  itself  but  also  the 
1 ar  ge  sc  ale  e n v i r on me n t ar ou n d it.  Obse  r v a t i on  sy s t ems  sh  ou 1 d 
include  aircraft,  ships  for  marine  stratiform  cloud  studies, 
r aw i n son de  s , 1 i dar s , satellites,  ac  ou s t i c sou n de  r s , an  d 

rad  i ome  ter  sondes- . 

The  ar e a 1 an d t emp or a 1 e x tent  of  ma j or  s t r a t i f or m c 1 ou d 
sys t ems  mu s t a 1 so  be  de term i red.  Th e se  obse r v a t i on s c an  be 
accomol  i shed  pr i mar i 1 y from  sate] 1 i te  and  1 i dar  obse r v a t i ons. 

Some  s t a t i s t i c a 1 inf or ma t i on  on  the  r ad i a t i v e c h ar  ac  t e r i s t i c s 
of  t h e c 1 ou d may  a 1 so  be  de r i v e d f r om  t h i s da  t a se t . 

A rather  complete  understanding  of  the  behavior  and 
r ad i a t i v e c h ar ac ter  I st i c s of  t r op osp her i c s t r a t i f or m c 1 ou ds 
should  emerge  from  these  studies.  Then,  physically  consistent 
parameterization  techniques  may  be  developed  to  investigate 
cloud  rad i at i on/c 1 i mate  interactions  in  both  prognostic  and 
d i agn  os t i c mode  Is. 
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EVENT  TIMETABLE 


Continue  Model  Development/Utilization 

Determine  Agency  Participation 
Select  and  commit  platform  resources 
Determine  research  resources 
Solicit  research  participation 
Award  research  funding 
Prepare  platforms  for  Phase  I 
Deploy  platforms  and  execute  Phase  I 
Analyze  Phase  I operations  and  data 
Modify  and  refine  experiment/hardware 
Redeploy  for  Phase  II  and  execute 
Analyze  Phase  II  data 


1/83  6/83  1/84  6/84  1/85  6/85  1/86  6/86 

X X Field  Field 

Exp.  Exp. 

X X 

X X 

X X 

X X 

X -X 

X— X 

X X 

X X 

X X 

X- X 

X X 


TABLE  6. 


This  research  is  feasible  using  1977  technology.  Further 
more 5 it  can  be  accomplished  largely  within  or  near  the 
continental  United  States  because  the  cloud  phenomena  occur 
frequently  over  or  near  the  North  American  continent,  the 
sc  i e n title  e x p er  t i se  f or  the  v ar  i ou s e 1 erne n t s r e s i de s w i t h i n 
the  Un i t e d St a tee,  an d the  a i r c r a f t an d i n s t r ume n t a t i on 
c ap ah i 1 i ties  ar  e 1 ar  qe  dom i n a t e d by  t h e Un i ted  S tats s sc i e n 1 1 f 
c ommu  n i t y . Th  e e x per  i me  n t a 1 p base  c.ou  Id  r e 1 y h e av  i 1 y on  the 
Na  t i on  a i We  a.  the  r Se  r v ice  r aw  i n son  de  n e t wor  k there  by  1 ar  ge  1 y 
eliminating  the  need  tor  add i t i on a 1 , c os 1 1 y r aw i n son de 
equipme n t . High  a 1 t i t u de  c ap ab i 1 i t y a i r c r at  t f r cm  NCAR , the 
Na  t i on  1 Ae  r on  au  t i c s an  d So  ac  e A dm  i n i s t r a t i on  , t h e Na  t i on  a 1 
Oc e an i c an d A tmosp h eric  A dm i n i s t r a t i on , an  d t h e De  p ar t me n t 
of  De f e n se  c ou Id  p r ov i de  the  a i r bo r n e pi  a t f or m f or  man y 
of  t h e ohse  r v a t i on  s . 11 
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Calculations  of  the  variability  of  ice  cloud  radiative 
properties  at  selected  solar  wavelengths 


R.  M.  Welch,  S.  K.  Cox,  and  W.  G.  Zdunkowski 


This  study  shows  that  there  is  surprising  little  difference  in  values  of  reflectance,  absorptance,  and  transmit- 
tance for  many  of  the  intermediate-size  particle  spectra.  Parrticle  size  distributions  with  mode  radii  rang- 
ing from  ~50  to  300  jum,  irrespective  of  particle  shape  and  nearly  independent  of  the  choice  of  size  distribu- 
tion representation,  give  relatively  similar  flux  values.  The  very  small  particle  sizes,  however,  have  signifi- 
cantly larger  values  of  reflectance  and  transmittance  with  corresponding  smaller  values  of  absorptance  than 
do  the  larger  particle  sizes.  The  very  large  particle  modes  produce  very  small  values  of  reflectance  and  trans- 
mittance along  with  very  large  values  of  absorptance.  Such  variations  are  particularly  noticeable  when  plot- 
ted as  a function  of  wavelength. 


I.  Introduction 

Energy  balance  climate  models  and  even  general 
circulation  forecasting  models  recently  have  sought  to 
include  improved  estimates  of  particulate  scattering  and 
absorption  characteristics.  Rasool  and  Schneider1  and 
many  others  have  been  assessing  the  impact  of  man’s 
activities  upon  climate  change.  Large  scale  field  pro- 
grams such  as  GATE  have  been  observing  the  radiative 
characteristics  of  natural  aerosols.  However,  clouds  are 
the  most  important  modulators  of  radiation  in  the 
earth’s  and  most  other  planetary  atmospheres.  Per- 
sistent cirrus  cloud  layers  are  known  to  exist  over  large 
regions  of  the  globe,2  ranging  in  thickness  from  thin 
wisps  to  5 km  or  more. 

The  radiative  characteristics  of  cirrus  clouds  are, 
however,  not  well  understood.  Mesaurements  of  the 
size,  shape,  orientation,  and  number  densities  of  cirrus 
ice  crystals  show  wide  variability.  Perhaps  the  greatest 
obstacle  to  a proper  assessment  of  the  cirrus  cloud 
radiative  properties  has  been  the  inability  to  treat 
nonspherical  particles.  Liou3  calculated  the  radiative 
characteristics  of  long  cylinders.  However,  calculations 
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using  cylinders  do  not  agree  with  the  experimental 
measurements  from  ice  clouds.  For  instance,  they 
produce  cloud  bows  that  are  not  observed  and  do  not 
produce  halos  that  are  observed.  Jacobowitz4  and 
Wendling  et  a/.5  studied  the  radiative  characteristics 
of  hexagonal  ice  crystals.  However,  there  is  not  yet 
adequate  correspondence  between  theory  and  mea- 
surement. Wendling  et  a/.5  conclude  that  improved 
measurement  of  crystal  size,  shape,  and  orientation 
must  be  carried  out  before  it  is  possible  to  make  realistic 
comparisons  between  theory  and  observation. 

Many  authors  have  investigated  the  radiative  char- 
acteristics of  cirrus  clouds.3’6-14  While  Liou10’12  has 
modeled  ice  crystals  with  ice  cylinders,  other  investi- 
gators used  spherical  Mie  theory,  in  spite  of  the  fact  that 
it  is  known  that  nonspherical  particles  scatter  more 
energy  at  intermediate  and  large  scattering  angles  than 
do  their  spherical  counterparts,  although  Bryant  and 
Cox13  do  show  a decrease  in  backscatter  at  180°  for  a 
nonspherical  particle  shape.  Welch  et  al.14  used  the 
Chylek15  surface  wave  suppression  theory  in  an  attempt 
to  model  the  effects  of  nonsphericity.  While  good 
agreement  between  measurements  of  scattered  radia- 
tion and  theory  has  been  reported16  for  aerosols,  Welch 
and  Cox  showed  that  this  technique  may  produce 
nonphysical  values  of  absorption  efficiency.17  Recently 
the  method  has  been  the  topic  of  considerable  contro- 
versy.18-20 

Due  to  the  current  uncertainties  in  measured  cirrus 
ice  crystal  parameters,  the  present  paper  calculates  the 
radiative  characteristics  of  cirrus  clouds  for  a wide  range 
of  cloud  thicknesses  and  particle  size  distributions. 
Nonspherical  corrections  have  been  included  in  the 
computations,  applying  the  recent  semiempirical  theory 
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developed  by  Pollack  and  Cuzzi.20  We  have  neglected 
preferential  ice  crystal  orientation  as  a variable  in  these 
calculations  although  Griffith  et  al21  suggest,  and  more 
recently  Stevens22  has  quantitatively  confirmed,  that 
ice  crystal  orientation  may  be  a significant  factor  in 
determining  the  radiative  properties  of  ice  clouds. 

II.  Properties  of  Cirrus  Clouds 

There  is  wide  variability  in  the  microphysical  struc- 
ture of  cirrus  ice  clouds  with  shapes  including  bullets, 
columns,  plates,  dendrites,  stellars,  and  needles.  Ob- 
viously no  single  crystal  shape,  column,  hexagonal  plate, 
or  sphere,  can  be  expected  to  simulate  reasonably  the 
proper  scattering  characteristics  of  all  ice  particles. 
Crystal  orientation  is  another  important  consideration. 
It  would  be  reasonable  to  expect  a random  orientation 
of  small  ice  crystals.  However,  fluid  dynamical  con- 
siderations dictate  that  cylinders  fall  with  the  long  axis 
horizontal.23  Griffith  et  al 21  offer  this  preferential 
orientation  as  a partial  explanation  for  observed  IR 
characteristics  of  cirrus  clouds.  Lidar  backscattering 
meaurements24  also  indicate  a coherent  crystal  orien- 
tation. 

A number  of  ice  crystal  size  distribution  and  ice  water 
content  measurements  have  been  reported  in  recent 
years.21,25*31  Reported  ice  water  contents27  vary  from 
~10”3  g/m3  at  a temperature  of  — 60°C  to  0.5  g/m3  at 
0°C.  At  temperatures  warmer  than  —15° C,  ice  crystal 
concentrations  were  2-4  orders  of  magnitude  higher 
than  would  be  predicted  from  ice  nuclei  concentrations; 
this  is  in  agreement  with  observations.36  Concentra- 
tions of  up  to  3.8  cm-3  have  been  measured,29  but  con- 
centrations of  0.1 — 1.0  cm”3  have  been  reported37 
thousands  of  feet  below  cirrus  clouds.  The  mean  and 
maximum  crystal  lengths  have  been  found  to  be  only 
slightly  dependent  upon  air  temperature  but  directly 
dependent  upon  ice  water  content.  Mean  ice  crystal 
lengths  often  range  from  100  to  300  jam  with  large 
crystals  having  lengths  >1  mm.  It  should  be  noted  that 
typical  measurement  instrumentation  is  highly  sensitive 
to  particle  shape.  Most  investigators  do  not  report  the 
presence  of  small  particle  sizes  (<100  jirni).  However, 
measurements  by  Heymsfield26  and  inferences  by 
Griffith  et  al  21  clearly  suggest  ice  crystal  lengths  even 
<20  fx m.  The  data  of  Heymsfield  and  Griffith  et  al. 
were  the  basis  for  the  bimodal  size  distribution  flux 
calculations  reported  by  Welch  et  al.u 

III.  Radiative  Transfer  Calculations 

A generalized  two-stream  flux  method,  developed  by 
Zdunkowski  et  al ,38  and  including  the  ^-function  ap- 
proximation,39,40 has  been  used  in  the  present  work. 
Zdunkowski  et  a/.38  showed  that  all  two-stream  meth- 
ods, including  5-Eddington,  may  be  reduced  to  a simple 
form: 

(dFi)/dT  = axFi  - a2F2  - azS(r)/n 0,  (1) 

(dF2)/dr  = a2Fx  - axF2  + a4S(r)Mo,  (2) 

{dS)/dr=  -{1  - wqOS(t)//io,  (3) 

where  F i and  F2  are  the  upward  and  downward  diffuse 


fluxes,  respectively,  and  S is  the  direct  beam  compo- 
nent. (x 0 is  the  cosine  of  zenith  angle,  r is  optical  depth, 
co0  is  the  single  scattering  albedo,  and  the  coefficients 
<Xi  are  given  by 

«i  = Ux[l  — o>o(l  — /?o)]>  (4) 

«2  = 1/200^0,  (5) 

a 3 = (1  -/)wo/3(mo),  (6) 

0£4  = (1  - /)«o[l  - /S(mo)].  (7) 

These  coefficients  are  expressed  in  terms  of  the 
backward  scattering  coefficient  of  primary  scattered 
parallel  solar  radiation,41 

0(w>)  = V2  J”  P(no,  ~ /*  W.  (8) 

and  in  terms  of  the  global  backscattering  coefficient, 

0o  = J"  0(M)dp.  (9) 

The  various  two-stream  methods  can  be  reduced  to 
this  form,  with  each  merely  representing  j8(mo)  and  /30 
in  a different  way.  The  choice  of 

fio  = 3(1  — g)/8,  (10) 

P(fio)  = 0.5  - [(3mo)/4]  (g  - /)/( 1 - /),  (ID 
Ui  = U2  = 2.0,  (12) 

results  in  the  practical  improved  flux  method  (PIFM) 
and  provides  excellent  agreement  with  results  calcu- 
lated using  the  adding/doubling  method,  g is  the  par- 
ticle asymmetry  factor 

g = <cos0>  = V2  ^ cos0P(cos0 ) sin0oJ0,  (13) 

defined  as  the  cosine  of  the  average  scattering  angle, 
where  P(costf)  is  the  azimuthally  averaged  phase  func- 
tion. / is  defined  as  that  portion  of  the  scattered  energy 
in  the  forward  diffraction  peak  and  is  usually  defined 
as 

/ = g2,  (14) 

in  two-stream  methods. 

One  advantage  of  the  PIFM  method  is  that  it  does  not 
produce  nonphysical  values  of  flux,  as  is  the  case  for 
various  other  approaches.  For  instance,  the  5-Ed- 
dington  approximation  produces  negative  upward 
fluxes  under  some  circumstances  for  small  values  of  co0. 
Such  conditions  may  be  studied  using  the  PIFM 
method.  It  has  been  shown39  that  nonphysical  flux 
values  may  be  caused  by  negative  values  of  backscat- 
tering coefficients.  This  approach  was  used  by  Welch 
et  alA2  to  identify  further  under  what  conditions  various 
two-stream  methods  become  unsatisfactory. 

In  the  present  paper,  water  vapor  transmission  is 
approximated  through  the  use  of  a sum  of  exponen- 
tials43 based  upon  expansion  coefficients  taken  from 
Liou  and  Sasamori.44  Absorption  by  CO2, 03,  and  trace 
gases  is  small  in  the  solar  spectrum  and  neglected  in  the 
present  study.  The  water  vapor  atmospheric  profile  is 
taken  from  the  GATE  (phase  III)  measurements.14 
Calculations  have  been  performed  for  nine  spectral 
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regions,  with  band  centers  at  0.55,  0.75,  0.95,  1.15,  1.4, 
1.8,  2.8,  3.3,  and  6.3  fx m,  with  values  of  the  complex  in- 
dices of  refraction  taken  from  Irvine  and  Pollack.45 


IV.  Model  Atmospheres 

The  cirrus  cloud  has  been  assumed  to  be  3 km  thick 
with  a cloud  base  height  of  9 km  in  all  simulations. 
Therefore,  absorption  by  water  vapor  above  and  within 
the  cloud  is  small.  The  average  cloud  optical  thickness 
was  varied  from  r = 0.6  to  15.0  in  all  the  following  cal- 
culations. Cirrus  clouds  with  large  optical  thicknesses 
have  been  reported  by  Reynolds  et  al46 

Due  to  the  wide  variability  of  particle  size,  number 
density,  and  ice  water  content,  it  is  difficult  to  generalize 
the  radiative  characteristics  of  cirrus  cloud  particles. 
Welch  et  al. 14  attempted  to  surmount  this  problem  by 
making  calculations  for  a large  number  of  different  size 
distributions  using  the  modified  y distribution 


n{L)  = aLa  exp 


(15) 


Table  I.  Ice  Crystal  Spectra  Characteristics  Based  upon  the  Modified  7 
Distribution  Along  with  the  Respective  Symbol  used  in  the  Figures 


Symbol 

Crystal  type 

a 

7 

Lc  (fim) 

1 

□ 

Column 

4 

1.0 

6.0 

2 

O 

Bullet 

4 

1.0 

6.0 

3 

A 

Sphere 

4 

1.0 

6.0 

4 

+ 

Column 

2 

1.0 

20.0 

5 

X 

Bullet 

2 

1.0 

20.0 

6 

0 

Sphere 

2 

1.0 

20.0 

7 

A 

Column 

2 

0.5 

70.0 

8 

X 

Bullet 

2 

0.5 

70.0 

9 

z 

Sphere 

2 

0.5 

70.0 

10 

Y 

Column 

5 

1.0 

175.0 

11 

X 

Bullet 

5 

1.0 

175.0 

12 

* 

Column 

6 

1.0 

200.0 

13 

X 

Bullet 

6 

1.0 

200.0 

14 

w- 

Column 

4 

1.0 

330.0 

15 

$ 

Bullet 

4 

1.0 

330.0 

16 

z 

Sphere 

4 

1.0 

330.0 

17 

$ 

Bullet 

6 

1.0 

600.0 

18 

£ 

Column 

6 

1.0 

600.0 

19 

A 

Sphere 

6 

1.0 

600.0 

WAVELENGTH  (^m) 


a . 1 


WAVELENGTH  (/xm) 


a. 2 


WAVELENGTH  (/xm) 


a. 3 


Fig.  1.  Ice  cloud  reflectance,  transmittance,  and  absorptance  values  for  optical  thickness  r = 0.6  (a)  and  r = 3.0  (b).  (Crosshatch  areas  contain 
curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure;  see  Table  I for  symbol  definitions.) 
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where  L is  the  crystal  length,  and  Lc  is  the  distribution 
mode  length.  The  effective  radius  is  determined  from 
equating  equal  cross-sectional  areas 


7rr2  = LW, 


(16) 


where  W is  the  crystal  width.  Width-to-length  ratios 
are  taken  from  Heymsfield25  for  ice  bullets  and  col- 
umns. 

For  bullets, 


W = 0.25L0-7856  (mm) 
= 0.185L0-532  (mm) 

for  columns, 


L < 0.3  mm 
L > 0.3  mm; 


W = 0.5L  (mm) 

= 0.1973L0-414  (mm) 


L < 0.3  mm 
L > 0.2  mm. 


(17) 


(18) 


Spherical  Mie  theory  has  been  applied  using  the  particle 
effective  radius  to  obtain  scattering  and  absorption 
efficiencies  and  the  scattering  asymmetry  factor  g for 
the  different  distributions. 

Calculations  for  nineteen  different  size  distributions, 
with  effective  mode  radius  rc  ranging  from  6 to  600  ^m 
and  with  particle  shape  including  bullets,  columns,  and 
spheres,  are  included.  Table  I lists  the  relevant  mi- 
crophysical characteristics  of  the  distributions  exam- 
ined in  this  study.  While  this  list  is  not  exhaustive,  it 
probably  brackets  most  size  spectra. 


V.  Spherical  Mie  Calculations 

Calculated  values  of  cloud  reflectance  R,  transmit- 
tance T,  and  absorptance  A are  shown  as  a function  of 
wavelength  for  optical  thicknesses  r = 0,6  [Fig.  1(a)]  and 
t = 3.0  [Fig.  1(b)].  The  calculations  were  made  at 
wavelengths  depicted  by  the  data  points;  the  different 
symbols  represent  different  distributions  and  are  de- 
fined in  Table  I.  The  basic  shapes  of  the  curves  for  R, 
Ty  and  A are  preserved  as  optical  thickness  is  increased. 
For  an  optical  thickness  of  r = 0.6,  cloud  reflectance 
varies  between  2 and  2.5%  up  to  a wavelength  of  ~0.8 
Atm.  At  larger  wavelengths  reflectance  decreased  as  a 
result  of  increased  absorption.  At  wavelengths  5:1.4 
Atm  there  is  considerable  variability  in  the  radiative 
characteristics  for  the  various  size  spectra.  Crosshatch 
areas  have  been  used  in  the  figures  to  denote  regions 
where  the  number  of  lines  is  too  dense  to  resolve  easily. 
The  significance  of  the  corsshatch  areas  is  that  there  is 
surprisingly  little  variation  in  the  radiative  properties 
in  spite  of  the  wide  variability  of  particle  sizes.  The 
values  of  reflectance  and  transmittance  decrease  with 
increasing  particle  size,  while  the  values  of  absorptance 
increase  with  increasing  particle  size.  The  large  vari- 
ability in  values  of  reflectance  suggests  a method  for 
remote  sensing  of  particle  sizes.  The  ratio  of  reflectance 
at  X = 1.5-2.0  jam  to  that  at  X = 0.5  /xm  (R1.5/R0.5)  is 
much  larger  for  the  small  particle  distributions  than  for 
the  larger  size  distributions.  The  fact  that  the  reflec- 
tance values  in  the  short  wavelength  regions  (X  < 0.7 
Aim)  are  not  as  sensitive  to  the  assumed  distribution 
characteristics  may  provide  a means  for  estimating 
optical  depth.  Obviously  a far  greater  wavelength 
resolution  is  required  to  apply  such  a method  to  retrieve 


an  estimate  of  particle  size.  Nevertheless,  these  pre- 
liminary results  indicate  that  there  may  be  sufficient 
variability  in  the  cloud  radiative  characteristics  to  ob- 
tain such  information.  At  larger  optical  thicknesses 
there  may  be  far  greater  opportunity  to  apply  such  a 
method  using  ground-based  transmittance  measure- 
ments. The  ratio  T 1.5/T0.5  provides  good  resolution  for 
such  a procedure.  Once  again,  more  detailed  wave- 
length calculations  should  provide  specific  wavelengths 
where  such  differences  are  maximized.  The  method 
also  may  lend  itself  to  the  discrimination  between  ice 
and  water  phase,  as  ice  and  water  have  different  ab- 
sorption spectra  at  a given  wavelength. 

Figure  2 shows  values  of  reflectance,  transmittance, 
and  absorptance  as  a function  of  optical  depth.  Figure 
2(a)  presents  broadband  results  integrated  across  the 
entire  solar  spectrum,  while  Fig.  2(b)  shows  results  for 
the  wavelength  region  centered  at  X = 1.4  jam.  From 
Fig.  2(a)  we  may  discern  that  broadband  measurements 
will  not  discriminate  between  the  various  size  distri- 
butions very  well.  In  fact,  the  broadband  results  for 
reflectance  are  not  significantly  different  from  those 
obtained  for  the  0.55-Atm  band  region  (not  shown). 
Cloud  absorptance  increases  rapidly  with  optical 
thickness  for  small  values  of  t and  then  levels  off  at 
larger  values  of  r.  Values  of  cloud  absorptance  gener- 
ally do  not  exceed  20%,  even  for  optically  thick  clouds, 
except  for  distributions  with  very  large  particle  sizes. 
Of  particular  importance  in  the  preceeding  results  in  the 
fact  that  distributions  with  Lc  varying  between  70  and 
330  Atm  do  not  have  significantly  different  bulk  radiative 
characteristics.  These  results  indicate  that  knowledge 
of  the  exact  size  distribution  may  not  be  necessary  to 
produce  reasonable  estimates  of  Rf  Tt  and  A.  The  ef- 
fect of  bimodal  size  distributions  upon  the  radiative 
properties  of  clouds  have  been  presented  by  Welch  et 
al.u  and  is  not  repeated  here. 

With  the  preceeding  discussion  as  a basis,  the  fol- 
lowing sections  investigate  the  effect  of  particle  non- 
sphericity upon  these  radiative  properties. 

VI.  Theoretical  Aspects  of  Particle  Nonsphericity 

In  recent  years  there  has  been  considerable  progress 
in  the  ability  to  calculate  scattering  intensities  for 
nonspherical  particles.  Most  of  the  nonspherical 
methods  are  appropriate  to  specific  particle  geometries 
and  require  massive  computer  resources.  As  such  they 
are  not  appropriate  for  routine  calculations  in  the  free 
atmosphere  where  only  approximate  values  of  particle 
size,  shape,  and  orientation  may  be  known.  On  the 
basis  of  results  shown  in  the  previous  section,  only  ap- 
proximate values  of  particle  size  and  size  distribution 
shape  are  required  to  produce  reasonable  estimates  of 
bulk  radiative  properties  of  ice  clouds.  The  question 
to  be  addressed  in  the  following  section  is  whether 
nonsphericity  produces  significant  deviations  in  the 
resulting  cloud  radiative  properties. 

There  have  been  a great  number  of  scattering  mea- 
surements for  ensembles  of  particles  and  analog  ex- 
periments for  particle  representations  using  microwave 
frequencies.47-53  Most  of  these  measurements  show 
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Fig.  2.  Ice  cloud  reflectance,  transmittance,  and  absorptance  values  as  a function  of  optical  depth.  (Crosshatch  areas  contain  curves  not 
specifically  denoted  by  the  symbols  visible  in  the  figure;  see  Table  I for  symbol  definitions.)  (a)  Results  integrated  across  the  entire  solar 

spectrum;  (b)  results  at  1.4  fim. 
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that  nonspherical  particles  have  a very  strong  forward 
diffraction  peak,  similar  to  that  for  spherical  particles, 
but  scatter  far  more  energy  at  intermediate  and  large 
scattering  angles  than  do  their  spherical  counter- 
parts. 

Chylek15  proposed  a surface  wave  suppression  theory 
as  a first  approximation  to  nonsphericity.  Chylek  et 
al.16  showed  that  quite  reasonable  agreement  was  ob- 
tained for  aerosols  using  this  theory  when  compared  to 
measurements.  However,  this  approach  predicts  small 
values  of  scattered  intensity  at  large  and  intermediate 
scattering  angles  in  disagreement  with  most  measure- 
ments. Second,  the  theory  predicts  that  particles  with 
size  parameters  >30  will  not  show  any  nonspherical 
effects.  Welch  et  al. 14  applied  this  approximation  for 
cirrus  ice  clouds.  Unphysical  values  of  absorption  ef- 
ficiency were  produced17  due  to  the  fact  that  the  ap- 
proximation is  nonunitary.19  Therefore,  this  approach 
is  limited  to  scattering  intensities  only.  Application  of 
this  method  in  the  present  investigation,  with  these 
restrictions  in  mind,  produced  no  significant  variation 
in  cloud  radiative  characteristics,  except  for  the  smallest 
particle  distributions. 

A recent  semiempirical  approach  has  been  developed 
by  Pollack  and  Cuzzi,20  which  reproduces  measured 
nonspherical  particle  characteristics  quite  well.  This 
approach  indicates  that  the  nonspherical  particle 
asymmetry  factor  g , defined  as  the  cosine  of  the  average 
scattering  angle,  may  decrease  in  value  by  as  much  as 
20-30%  over  that  of  a similar  spherical  particle.  Such 
behavior  is  exhibited  only  for  particles  with  size  pa- 
rameter X > Xo,  where  X0  is  a cutoff  value.  For  X < 
X0,  spherical  Mie  theory,  with  radii  determined  from 
equal  volumes  rather  than  equal  areas,  is  appropriate. 
For  the  cases  studied  by  Pollack  and  Cuzzi,20  Xo  varied 
from  ~10  to  2 with  an  average  value  of  Xo  = 4.  In  the 
present  investigation  for  large  ice  crystals,  X > Xo,  and 
nonsphericity  is  invoked.  For  an  ensemble  of  large  ir- 
regular particles  with  X > Xo,  the  theory  also  predicts 
that  the  average  scattering  efficiency  is  increased  over 
that  of  equal  volume  spheres  by  a factor  equal  to  the 
ratio  S of  their  surface  areas.  For  the  cases  studied  by 
Pollack  and  Cuzzi,  S c*  1.3  and  had  only  weak  depen- 
dence upon  particle  shape.  When  the  value  of  2n;X  < 
1,  absorption  efficiency  of  nonspherical  particles  may 
be  assumed  equal  to  that  of  their  spherical  counter- 
parts. 

VII.  Results  Based  Upon  Nonspherical  Calculations 

The  calculations  presented  in  this  section  are  based 
upon  the  semiempirical  approach  developed  by  Pollack 
and  Cuzzi.20  However,  in  the  free  atmosphere  there  is 
no  a priori  information  concerning  the  value  of  Xo,  g, 
or  scattering  efficiency  scaling  factor  S.  For  the  fol- 
lowing calculations  the  particle  sizes  usually  are  large 
enough  so  that  X > X0,  and  the  nonspherical  approach 
will  be  used  in  all  cases. 

Welch  et  al.14  showed  that  radiative  characteristics 
are  extremely  sensitive  to  asymmetry  factor  g.  It  was 
shown  that  even  a 5%  change  in  the  asymmetry  factor 
can  produce  large  variations  in  cloud  reflectance,  al- 
though not  in  cloud  absorptance.  In  the  following  re- 


sults two  separate  sets  of  calculations  are  made;  the  first 
analyzes  the  effect  of  a variation  of  g upon  cloud  prop- 
erties without  any  variation  of  scattering  efficiency  S, 
and  the  second  calculation  allows  both  g and  S to 
vary. 

Only  values  of  cloud  reflectance  are  shown  in  Fig.  3. 
Values  of  cloud  transmittance  and  absorptance  show 
less  variation  and  are  therefore  omitted.  Figures  3(a) 
and  (b)  show  cloud  reflectance  as  a function  of  wave- 
length at  r = 0.6  for  a 10%  (g  * 0.9)  and  20%  (g  * 0.8) 
decrease  in  asymmetry  factor,  respectively.  Figures 
3(c)  and  (d)  show  similar  variations  for  r = 3.0.  Com- 
parison of  Figs.  1(a)  and  3(a)  and  (b)  for  t = 0.6  shows 
that  as  the  value  of  the  asymmetry  factor  is  decreased, 
there  is  a strong  increase  in  scattering  and  reflectance. 
The  average  value  of  cloud  reflectance  at  X = 0.55  jam 
increases  from  ~R  — 2.5%  to  ~R  = 4.0%  for  g * 0.9  and 
to  ~6%  for  g * 0.8.  In  similar  fashion  comparison  of 
Figs.  1(b),  3(c),  and  (d)  with  r = 3.0  shows  that  the  av- 
erage value  of  reflectance  at  X = 0.55  pm  increases  from 
~14%  to  ~R  = 22%  for  g * 0.9  and  to  ~30%  for  g * 0.8. 
A decrease  in  g by  20%  as  indicated  by  the  results  of 
Pollack  and  Cuzzi  leads  to  increases  in  the  value  of  re- 
flectance by  a factor  of  2.0  and  2.5.  The  ratio  P1.5/P0.5 
still  retains  the  possibility  of  discriminating  between 
the  various  j size  distributions.  Likewise,  the  ratio 
T1.5/T0.5  also  retains  the  possibility  for  use  in  remote 
sensing  the  size  distributions  from  ground  measure- 
ments. 

Figure  4 shows  values  of  cloud  reflectance  as  a func- 
tion of  optical  depth  for  these  same  distributions. 
Figures  4(a)  and  (b)  show  cloud  reflectance  for  g * 0.9 
and  g * 0.8,  respectively.  Comparison  of  Figs.  2(a)  and 
4(a)  and  (b)  shows  that  the  increase  in  cloud  reflectance 
with  a decrease  in  the  asymmetry  factor  occurs  for  all 
the  optical  depths  studied  but  with  the  largest  per- 
centage variation  occurring  at  the  smaller  optical 
depths.  From  a measured  cloud  reflectance  of  20%, 
applying  spherical  Mie  theory  and  using  Fig.  2(a)  would 
lead  one  to  believe  that  the  cloud  optical  depth  was  ~r 
= 6. 0-7. 5.  However,  a nonspherical  particle  distribu- 
tion with  g * 0.8  produces  the  same  value  of  reflectance 
with  r = 2. 5-3.0.  Therefore,  the  relationship  between 
reflectance  vs  optical  depth  cannot  produce  realistic 
estimates  in  the  presence  of  nonspherical  particles. 

In  the  next  set  of  calculations,  scattering  efficiency 
has  been  arbitrarily  scaled  upward  by  the  factor  S = 1.3 
for  all  distributions  and  particle  shapes.  For  the  particle 
shapes  studied  by  Pollack  and  Cuzzi  this  factor  of  S = 
1.3  occurred  frequently.  S represents  the  ratio  of  the 
surface  area  of  the  nonspherical  particle  to  that  of  its 
equivalent  volhme  sphere.  The  value  S = 1.3  repre- 
sents a reasonable  estimate  for  the  ratio  S;  however, 
more  extensive  calculations  could  take  into  account  the 
actual  particle  shape  variation  with  length  using  Eqs. 
(17  and  18).  This  complexity  was  not  included  in  the 
following  results,  since  bullets  and  columns  are  merely 
two  out  of  a myriad  of  possible  crystal  forms.  Typically 
(2n;X)  < 1 so  that  the  absorption  efficiency  calculated 
for  spheres  is  also  appropriate  for  the  nonspherical 
particles. 
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Fig.  3.  Ice  cloud  reflectance  for  the  following  conditions:  (a)  r = 0.6,  g'  = 0.9g;  (b)  r = 0.6,  g'  = 0.8 g;  (c)  r = 3.0,  g'  - 0.9g;  and  (d)  r = 3.0, 
g'  — 0.8^.  (Crosshatch  areas  contain  curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure;  see  Table  I for  symbol  definitions.) 


Fig.  4.  Ice  cloud  reflectance  values  for  two  different  values  of  the  asymmetry  factor:  (a)  g'  = 0.9#;  (b)  g'  = 0.8g.  (Crosshatch  areas  contain 
curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure;  see  Table  I for  symbol  definitions.) 
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Figures  5(a),  (b),  and  (c)  show  values  of  cloud  re-  for  g * 0.9  and  Figs.  3(b)  and  5(c)  for#  * 0.8  shows  that 

flectance  R with  S = 1.3  and  for  asymmetry  factor  g this  scaling  factor  for  scattering  efficiency  merely  leads 

scaled  by  g * 1.0,  g * 0.9,  and  g * 0.8,  respectively.  The  to  an  almost  linear  scaling  of  the  resulting  reflectance, 

cloud  optical  depth  in  this  case  had  also  increased  by  Similar  results  occur  for  an  optical  depth  of  r = 3.0  (now 

approximately  this  same  scale  factor,  from  0.6  to  ~0.8.  approximately  scaled  to  r = 3.9). 

Comparison  of  Figs.  1(a)  and  5(a)  shows  that  scaling  the  In  this  range  of  optical  thicknesses,  there  is  an  almost 
scattering  efficiency  by  S * 1.3  increases  the  value  of  linear  relationship  between  optical  depth  and  cloud 

reflectance  by  approximately  this  same  factor  S'  at  most  reflectance.  Therefore,  merely  using  the  results  in  Figs, 

wavelengths.  Likewise  absorptance  is  decreased  in  2(a)  and  4(a)  and  (b)  appropriate  for  the  larger  optical 

value  (not  shown).  Comparison  of  Figs.  3(a)  and  5(b)  depth  (r  * S)  produces  excellent  results.  Figures  6(a), 
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(a)  (b)  (c) 

Fig.  5.  Ice  cloud  reflectance  with  enhanced  scattering  efficiency  for  the  following  conditions:  (a)  S = 1.3,  g'  = g,  r = 0.6;  (b)  S = 1.3,  g'  = 
0.9g,  r = 0.6;  (c)  S = 1.3,  g'  = 0.8g,  r = 0.6.  (Crosshatch  areas  contain  curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure;  see 

Table  I for  symbol  definitions.) 


OPTICAL  DEPTH  OPTICAL  DEPTH  OPTICAL  DEPTH 


(a)  (b)  (c) 

Fig.  6.  Broadband  ice  cloud  reflectance  for  scattering  efficiency  scaled  by  a factor  of  1.3  for  the  following  conditions:  (a)  g'  = g;  (b)  g'  0.9 
g\  (c)  g'  = 0.8  g.  (Crosshatch  areas  contain  curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure,  see  Table  I for  symbol 

definitions.) 
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Fig.  7.  Ice  cloud  reflectance  with  enhanced  scattering  efficiency  enhanced  by  a factor  of  1.3  for  a wavelength  of  (a)  1.4  and  (b)  0.55  Mm. 
(Crosshatch  areas  contain  curves  not  specifically  denoted  by  the  symbols  visible  in  the  figure;  see  Table  I for  symbol  definitions.) 


(b),  and  (c)  show  values  of  R,  T,  and  A as  a function  of 
optical  depth  with  scattering  efficiency  scaled  by  S = 
1.3  and  for  g * 1.0,  g * 0.9,  and  g * 0.8,  respectively. 
Comparison  of  Figs.  2(a)  with  6(a),  4(a)  with  6(b),  and 
4(b)  with  6(c)  shows  that  the  scaled  values  of  R , T,  and 
A all  lie  along  the  same  curves  as  for  the  unsealed  values 
of  R , T,  and  A . Therefore,  knowing  the  basic  shape  of 
the  curve  is  all  that  is  necessary.  One  merely  takes 
those  values  of  R , T,  and  A appropriate  for  the  scaled 
optical  depth  (r  * S). 

The  results  in  Fig.  6 were  obtained  for  the  broadband 
(total  integrated  solar  spectrum)  results  and  are  also 
appropriate  for  < 1.0-/xm  wavelengths.  However,  there 
are  noticeable  differences  for  the  near  IR  bands,  par- 
ticularly in  the  1.0-2.0-jum  range.  Figure  7(a)  shows 
values  of  reflectance  appropriate  for  the  1.4-^m  band 
with  S * 1.3  and  g * 1.0.  The  scaled  values  of  reflec- 
tance, transmittance,  and  absorptance  no  longer  lie  on 
the  same  approximate  curves  appropriate  for  unsealed 
values.  Scaled  values  of  reflectance  and  absorptance 
are  larger,  while  scaled  values  of  transmittance  and 
absorptance  are  smaller  than  their  unsealed  counter- 
parts. Similar  conclusions  are  valid  for  an  asymmetry 
factor  scaled  by  g * 0.9  and  g * 0.8.  Figure  7(b)  shows 
these  same  values  at  a wavelength  of  0.55  gm.  It  can 
be  seen  that  cloud  reflectance  is  nearly  independent  of 
particle  size  distribution  in  the  visible  region,  depending 
rather  only  upon  cloud  optical  depth. 

VIII.  Conclusion 

The  results  from  this  study  show  that  there  is  sur- 
prisingly little  difference  in  values  of  reflectance,  ab- 
sorptance, and  transmittance  for  many  of  the  inter- 


mediate-sized particle  spectra.  Particle  size  distribu- 
tions with  mode  radii  ranging  from  ~50  to  300  gr n,  ir- 
respective of  particle  shape  and  nearly  independent  of 
the  choice  of  size  distribution  representation,  gave  rel- 
atively similar  flux  values.  The  very  small  particle 
sizes,  however,  had  significantly  larger  values  of  re- 
flectance and  transmittance  with  corresponding  smaller 
values  of  absorptance  than  did  the  larger  particle  sizes. 
The  very  large  particle  modes  produced  very  small 
values  of  reflectance  and  transmittance  along  with  very 
large  values  of  absorptance.  Such  variations  are  par- 
ticularly noticeable  when  plotted  as  a function  of 
wavelength.  For  a given  value  of  optical  depth,  there 
is  a relatively  small  spread  in  reflectance  at  the  shorter 
wavelengths  (X  > 1 /im).  However,  differences  between 
size  distributions  are  greatest  in  the  1.3— 2.0-/um  regions. 
This  behavior  suggests  that  it  may  be  possible  to  obtain 
an  estimate  of  the  average  size  of  the  particles  present 
from  the  ratio  of  reflectances  (or  transmittances)  at  say 
X = 1.6  ^m  and  X = 0.55  gm  ( Ri^/Ro .55).  A large  value 
of  this  ratio  would  indicate  the  presence  of  small  particle 
sizes,  while  decreasing  values  of  this  ratio  would  indicate 
increasing  average  particle  sizes.  However,  much  more 
detailed  calculations  are  required  to  demonstrate  this 
ability.  It  is  noted  that  detailed  variations  in  such  ra- 
tios may  also  be  useful  in  determining  the  presence  of 
ice  or  water  phase.  From  the  comparisons  between  ice 
and  water  clouds  made  by  Welch  et  a/.,14  it  would  ap- 
pear that  such  ratios  may  be  useful  in  determining  the 
presence  of  large  drops  in  water  clouds. 

The  present  results  were  primarily  aimed  at  deter- 
mining the  range  of  variability  one  might  expect  in  bulk 
cloud  radiative  properties  as  a function  of  wavelength 
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and  optical  depth  for  various  parameterizations  of 
particle  size  distribution  and  nonsphericity.  Variation 
of  radiative  characteristics  as  a function  of  particle  size 
was  particularly  noticeable  in  the  1-2 -fim  wavelength 
range.  Nonspherical  effects  were  approximated  using 
the  Pollack  and  Cuzzi20  semiempirical  approach. 
Asymmetry  factor  g was  scaled  by  factors  of  0.9  and  0.8, 
while  scattering  efficiency  was  scaled  by  a factor  of  1.3 
to  simulate  the  increase  of  scattering  by  nonspherical 
particles.  It  was  found  that  increasing  the  scattering 
efficiency  by  some  scale  factor  S also  scaled  the  optical 
depth  r by  approximately  the  same  factor  S.  There- 
fore, from  curves  of  reflectance,  transmittance,  or  ab- 
sorptance  vs  optical  depth,  it  is  possible  to  obtain  rea- 
sonable estimates  of  these  bulk  radiative  characteristics 
from  the  optical  depth  given  by  the  product  of  r and  S 
(r  * S).  This  procedure  is  reliable  for  broadband  esti- 
mates; it  is  less  reliable  for  wavelengths  between  1.0  pm 
and  2.5  jum. 

The  value  of  cloud  reflectance  R is  particularly  sen- 
sitive to  small  variations  (10-20%)  in  the  value  of 
asymmetry  factor  g.  A decrease  in  the  value  of  g,  rep- 
resenting a larger  value  of  average  scattering  angle,  leads 
to  increased  values  of  reflectance  at  all  wavelengths.  A 
decrease  in  g by  20%  for  clouds  of  small  optical  thickness 
(t  < 5)  leads  approximately  to  a doubling  in  the  value 
of  R.  The  results  of  Pollack  and  Cuzzi  indicate  that 
even  greater  differences  may  occur,  since  g is  decreased 
by  up  to  30%  in  some  cases.  At  present  there  is  no  a 
priori  way  to  determine  which  scale  factors  are  appro- 
priate to  represent  the  wide  variety  of  particle  shapes 
present  in  the  free  atmosphere.  The  present  investi- 
gation merely  indicates  the  sensitivity  of  bulk  cloud 
properties  to  such  variations  in  parameterization. 
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ABSTRACT 


This  paper  introduces  a climate  index  based  on  radiative  transfer 
theory  and  derived  from  the  spectral  radiances  typically  used  to  re- 
trieve temperature  profiles.  It  is  assumed  that  clouds  and  climate  are 
closely  related  and  a change  in  one  will  result  in  a change  in  the 

other.  Because  the  index  developed  in  this  paper  is  a function  of  the 

cloud,  temperature,  and  moisture  distributions,  it  may  be  used  as  a 
climate  index.  The  advantage  is  that  the  index  is  more  accurately  re- 
trieved from  satellite  data  than  cloudiness  per  se.  This  index,  here- 

after referred  to  as  the  VIRES  index  (for  Vertical  Infrared  Radiative 
Emitting  Structure) , is  based  upon  the  shape  and  relative  magnitude  of 
the  broadband  weighting  function  of  the  infrared  radiative  transfer 
equation.  The  broadband  weighting  curves  are  retrieved  from  simulated 
satellite  infrared  sounder  data  (spectral  radiances).  This  paper 
describes  the  retrieval  procedure  and  investigates  error  sensitivities 
of  this  method.  It  also  proposes  index  measuring  options  and  possible 
applications  of  the  VIRES  index. 

Results  indicate  that  the  VIRES  approach  is  a very  effective  use 
of  satellite  radiometer  measurements.  Retrieval  advantages  include; 
day  and  night  capability,  no  need  to  know  cloud  radiative  properties, 
retrieval  ability  when  cloud  fraction  or  cloud  emittance  is  less  than 
1.0,  minimal  geometric  assumptions,  retrieved  information  below  sensor 
resolution,  and  minimum  influence  on  the  index  from  low  tropospheric 
retrieval  errors.  These  advantages  along  with  the  approach  of  compos- 
iting scenes  for  an  average  VIRES  curve  greatly  reduce  the  retrieval 


sensitivity  to  the  kind  of  errors  found  under  assumed  normal  operating 
conditions.  A detailed  error  analysis  indicated  that  the  most  impor- 
tant error  sources  are  instrument  system  noise,  and  ill  specified 
temperature  and  humidity  profiles.  Accurate  VIRES  retrievals  are  il- 
lustrated under  a number  of  different  error  and  atmospheric  conditions. 
Furthermore,  a statistical  technique  used  to  successfully  discriminate 
between  VIRES  curves  derived  for  different  atmospheric  conditions  is 
discussed . 

Operational  VIRES  index  retrieval  strategies  and  a number  of 
specific  applications  are  proposed.  It  is  suggested  that  the  index  be 
derived  from  geostationary  satellite  data  and  averaged  to  provide  week- 
ly regional  values.  These  index  values  would  be  used  in  a regional 
climate  monitoring  mode.  They  would  also  be  useful  for  verification  of 
climate  model  generated  infrared  radiation  to  space  values. 
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I.  INTRODUCTION 


This  paper  introduces  and  describes  a climate  index  called  the 
VIRES  index.  VIRES  (pronounced  vi*res)  is  the  acronym  for  Vertical 
Infrared  Radiative  Emitting  Structure  and  quite  by  chance  it  is  also 
the  plural  form  of  the  Latin  word  vis,  meaning  forces  or  powers.  Thus, 
the  acronym  seems  especially  appropriate  since  the  atmosphere’s  VIRES 
is  one  of  the  major  forcing  factors  behind  the  earth’s  climate.  The 
VIRES  index  is  related  to  the  earth’s  climate  through  the  earth’s  radi- 
ation budget  and  therefore,  can  be  considered  a climate  index.  The 
logic  of  this  may  be  stated  as  follows.  The  climate  system  is  deter- 
mined by  the  energy  input  to  the  system  and  the  distribution,  trans- 
formation, and  storage  of  energy  in  various  forms  within  the  system. 
These  processes  are  mirrored  in  the  components  of  the  earth’s  radiation 
budget,  one  of  which  is  the  outgoing  emitted  thermal  radiation  (COSPAR 
Report  to  ICSU  and  JOC,  1978b).  This  cooling  to  space  is  described  by 
the  VIRES  which  is  primarily  a function  of  cloud  distribution. 

Atmospheric  observation  has  been  and  continues  to  be  central  to 
the  progress  of  atmospheric  science.  Better  observations  remain  one  of 
the  needs  of  the  discipline.  The  recent  introduction  of  meteorological 
satellite  systems  has  contributed  significantly  to  the  growing  need  of 
monitoring  world-wide  weather  variables.  Satellites  not  only  have 
world-wide  coverage  capability  with  good  horizontal  and  time  resolu- 
tion, they  also  have  a second  advantage.  Large  numbers  of  observations 
are  made  with  the  same  instrument  increasing  the  integrity  and  compar- 
ability of  such  measurements  (Houghton,  1979).  The  relative  if  not  the 
absolute  accuracy  of  the  satellite  measurement  is  high.  More  attention 
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to  absolute  accuracy  has  been  paid  to  the  sounding  type  instruments 
than  to  any  other  satellite  instrument,  (i.e.  ITPR,  SIRS,  IRIS). 

The  scientific  community  is  still  seeking  the  best  ways  to  use  and 
apply  satellite  data.  Most  of  the  recent  successes  in  using  satellite 
data  in  a quantitative  global  way  in  the  atmospheric  sciences  have  come 
in  the  areas  of  solar  constant  measurement  and  radiation  budget  measure- 
ments (Heath,  1973;  Smith  et  al.  1977;  Vonder  Haar  and  Oort,  1973).  Ap- 
plication of  satellite  data  to  these  problems  is  fairly  straightforward 
since  the  principal  satellite  instrument  is  a radiometer  and  the  meas- 
urement is  a spectral  or  broadband  irradiance.  Other  important  areas 
of  research  include  inference  of  temperature  and  humidity  profiles,  as 
well  as  cloud  and  wind  determinations  from  satellite  radiance  values. 

The  suitability  of  satellite  observations  is  reduced  since  the  required 
information  must  be  inferred  from  the  radiance  values  measured  remotely 
at  the  satellite  and  from  the  appropriate  geometric  and  radiative  trans- 
fer principles. 

The  objective  of  this  study  is  to  describe  the  Vertical  Infrared 
Radiative  Emitting  Structure  (VIRES)  of  the  atmosphere  by  using  simu- 
lated satellite  spectral  radiation,  measurements . A process  is  describ- 
ed that  accomplishes  this  objective  using  specified  cloud  radiative 
properties  and  mean  temperature  and  gaseous  atmospheric  profiles. 

These  findings  are  used  to  examine  the  feasibility  of  using  infrared 
radiative  transfer  weighting  curves  (which  describe  the  atmosphere’s 
VIRES  by  defining  how  the  atmosphere  cools  to  space)  as  a climate  in- 
dex. This  index  would  be  principally  dependent  on  climatological 
cloudiness,  and  its  variability  could  be  regarded  as  an  indicator  of 
climate  variance.  The  strength  of  this  approach  is  that  it  deals 
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directly  with  the  radiative  aspect  of  the  problem  thus  circumventing 
the  need  to  infer  specific  individual  clouds  directly  using  the  typical 
parameters  of  height,  base,  and  amount.  The  distinction  of  this  tech- 
nique is  that  computationally  one  may  be  able  to  simply,  accurately, 
and  quickly  archive  the  atmospheric  VIRES  as  a manifestation  of  global 
cloudiness  in  a form  that  is  useful  for  monitoring  climate  change,  or 
for  validating  the  statistical  characteristics  of  cooling  to  space 
computed  by  climate  models.  Many  factors  account  for  the  strong  po- 
tential of  this  approach. 

Day  to  day  variations  as  well  as  longer  period  variations  in  the 
atmospheres  VIRES  (which  is  reflected  in  satellite  measured  earth 
radiances)  are  primarily  caused  by  clouds.  Many  techniques  using 
satellite  data,  some  of  which  are  discussed  in  the  next  section,  have 
been  developed  to  infer  cloudiness  in  the  standard  sense.  Of  course 
any  inference  of  clouds  using  such  data  will  by  definition  be  a kind  of 
radiative  measure  of  cloudiness  with  the  drawback  that  specific  radia- 
tive cloud  properties  must  be  assumed  before  results  are  possible.  Of 
course  it  is  desirable  to  make  as  few  a priori  assumptions  as  possible 
when  analyzing  the  data  for  the  purpose  of  obtaining  reliable  cloud  in- 
formation. By  using  a radiance  measure  of  cloudiness  as  proposed  in 
this  paper  one  increases  the  compatibility  between  the  satellite  meas- 
urement and  the  quantity  labeled  cloudiness.  Furthermore,  by  using  a 
unique  form  of  the  technique  commonly  called  the  infrared  sounder  cloud 
retrieval  method  for  a single  field  of  view,  we  minimize  the  assump- 
tions about  the  spatial  scales  and  geometry,  and  about  the  cloud  radia- 
tive properties  while  avoiding  many  time  consuming  calculations  in- 
volving iterations  through  the  radiative  transfer  equation.  This  new 
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method  is  used  to  find  two  curve  shape  parameters  which  define  the 
atmosphere’s  VIRES  in  terms  of  the  infrared  weighting  curve. 

Following  the  chapter  on  background  information,  the  specifics  of 
the  approach  are  described.  For  orientation  purposes  Figures  la,b  are 
provided.  As  described  in  Figure  la  the  procedure  starts  with  satel- 
lite spectral  data  (in  this  case  simulated  data)  in  the  15  ym  CO^  ab- 
sorption bands  and  the  10-12  ym  window  band.  These  radiances  contain 
information  on  the  VIRES  of  the  atmosphere.  Computationally,  relative 
importance  is  placed  on  the  radiances  depending  upon  where  in  the 
vertical  most  of  its  energy  originates.  By  assuming  known  or  measured 
gaseous  and  temperature  profiles  one  may  interpret  the  scene  radiative- 
ly  by  solving  for  the  weighting  function  peak  due  to  radiatively  spec- 
ified effective  clouds  and  the  fractional  weighting  of  a totally  over- 
cast effective  cloud  scene  versus  a totally  clear  scene.  This  scheme 
results  in  a spectral  weighting  curve  shape  specified  by  the  two  vari- 
ables mentioned  in  Figure  la.  By  design  the  curve  shape  is  not  depen- 
dent on  the  cloud  radiative  properties  specified.  For  example,  if  a 
cloud  covering  the  entire  satellite-sensed  scene  is  specified  as  opaque 
(black)  when  its  emittance  is  only  0.5,  the  routine  will  compute  a 
proper  weighting  function  peak  height  (p  due  to  the  cloud  with  0.5 
fractional  weighting  (a).  These  two  curve  shape  variables  will  give 
the  correct  weighting  function  curve,  the  same  curve  one  gets  from  an 
overcast  case  and  cloud  emittance  of  0.5.  Of  course,  if  one  insists 
on  interpreting  the  weighting  function  peak  and  fractional  weighting 
as  cloud  top  height  and  cloud  fraction,  the  accuracy  of  the  cloud  frac- 
tion value  is  strongly  dependent  on  how  close  the  assigned  cloud  emit— 
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Figure  la.  Schematic  diagram  showing  computational  steps  leading  to 
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Figure  lb.  Schematic  diagram  showing  the  relationship  between  four 

atmospheric  cloud  scenarios  and  the  resulting  VIRES  curves 
and  VIRES  indices  (reference  Chapter  VI-B) . 
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Once  the  two  variables  determining  weighting  curve  shape  are 
found  they  may  be  used  in  a broadband  transfer  equation  to  give  a 
broadband  weighting  curve  (see  Figure  lb).  This  curve  combined  with 
the  respective  temperature  profile  describes  the  vertical  structure  of 
atmospheric  cooling  to  space.  As  a test,  the  value  of  the  earth’s 
emittance  to  space  calculated  from  the  derived  weighting  curve  may  be 
compared  to  a satellite  measured  value  of  the  same  quantity.  As  part 
of  this  study  an  error  analysis  is  done  to  evaluate  the  influence  of 
several  assumptions  on  the  results.  In  addition,  the  important  ques- 
tion of  time  and  space  averaging  of  the  quantities  discussed  above  is 
also  addressed.  A technique  for  discriminating  between  weighting 
function  curves,  and  a related  climate  index  is  discussed.  Finally, 
the  strengths  and  limitations  of  using  IR  broadband  weighting  curves 
as  a climatic  index  and  representation  of  cloudiness  will  be  examined. 


II . BACKGROUND  INFORMATION 


There  have  been  many  attempts  to  deduce  cloud  cover,  structure, 
and  radiative  properties  from  satellite  data.  Table  1 is  an  outline  of 
most  of  the  approaches,  all  of  which  seek  to  define  inferred  cloudiness 
in  standard  terms.  A short  summary  of  the  more  notable  research  fol- 
lows. However,  a critique  of  specific  approach  shortcomings  is  not 
attempted. 

Using  visible  wavelength  values  Miller  and  Feddes  (1971),  have 
related  brightness  measurements  to  cloud  amount.  Analysis  of  cloud 
amount  and  type  from  satellite  pictures  (nephanalysis)  has  been  done 
using  the  'eyeball*  method  (Clapp,  1964).  Another  more  objective 
method  combines  pictures  from  two  geostationary  satellites  to  give  a 
steroscopic  view  and  measure  of  cloud  height  (Dalton  et  al.  1979).  Of 
course  these  methods  are  limited  to  daylight  observations  and  are  de- 
graded by  variable  and  cloud  look-a-like  surface  reflectance. 

Infra-red  window  data  combined  with  simplifying  assumptions 
(which  greatly  reduce  the  accuracy  and  applicability)  and  a 'known' 
temperature  profile  when  used  with  appropriate  radiation  laws  will  give 
estimates  of  cloud  height  or  cloud  fraction  (Koffler  et  al.  1973).  One 
also  needs  to  know  or  estimate  cloud  radiative  characteristics.  An 
example  of  a technique  that  uses  this  type  of  data  is  the  adjacent 
field  of  view  method  described  by  Smith  et  al.  (1970).  They  use  the 
derived  cloud  information  to  construct  clear  column  radiance  profiles 
as  part  of  a temperature  profile  retrieval  process . Exact  cloud  loca- 
tion is  still  temperature  profile  dependent.  Another  totally  different 
approach  is  described  by  Rao  (1970).  He  statistically  relates 
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METHODS  OF  OBSERVING  CLOUDS  FROM  SATELLITES 

I.  Visible  Wavelength  Observations 

A.  Reflected  Solar  Radiances 

1.  Threshold 

2.  Weighted  histogram 

B . Nephanaly s is 

C.  Stereoscopic 

II.  Infra-red  Wavelength  Observations 

A.  Window  Measurements 

1.  Threshold 

2.  TD 

B.  CO2  Gas  Band  Measurements 

1.  Single  field  of  view  - RTE  iterations 

a.  Radiance  ratioing 

b . Minimization 

2.  Single  field  of  view  - empirical  RTE* 

III.  Vis/IR  Combined  Observations 

A.  Dual  channel 

B.  Bi-spectral 

C.  2-D  histogram 

^Developed  and  employed  in  this  paper 


Table  1.  An  outline  of  satellite  cloud  retrieval  methods. 
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radiative  values  to  differences  between  surface  and  cloud  top  tempera- 
tures (TD)  over  ocean  areas.  However,  the  most  straightforward  ap- 
proach is  to  simply  relate  cloud  top  temperature  and  a known  or  assumed 
temperature  profile  (assuming  one  measures  a single  overcast  cloud 
layer) . An  example  of  this  threshold  approach  is  the  work  of  Cox  and 
Griffith  (1978)  using  GATE  data.  More  recently  Campbell  et  al.  (1980) 
have  used  geosynchronous  satellite  IR  window  observations  to  produce 
area  cloud  top  distribution  profiles.  They  wish  to  assess  the  impact 
of  the  diurnal  and  spatial  changes  of  these  distributions  on  the  earth- 
atmosphere  radiation  budget. 

Other  methods  seek  to  improve  accuracy  by  combining  solar  bright- 
ness and  IR  window  information.  However,  while  improving  the  accuracy 
over  taking  each  method  separately,  one  must  be  content  with  the  limi- 
tations of  both  methods.  A good  example  of  this  is  the  bi-spectral 
technique  of  Reynolds  and  Vender  Haar  (1977)  and  expanded  upon  by 
Mendola  and  Cox  (1978).  They  solve  simultaneously  a set  of  budget  type 
radiative  equations.  They  also  use  a method  described  by  Shenk  and 
Curran  (1973)  to  improve  retrieval  of  cirrus  clouds.  Other  methods  are 
often  referred  to  as  dual  channel.  For  example,  in  another  paper 
Reynolds  et  al.  (1978)  describe  a technique  for  discriminating  differ- 
ent cloud  types  by  visible  and  IR  image  subtraction.  A similar  ap- 
proach, called  the  2-D  histogram  method,  is  outlined  by  Smith  (1978). 
This  last  technique  is  designed  to  handle  large  quantities  of  data  very 
quickly.  Of  course  result  accuracy  is  sacrificed  for  speed.  However, 
for  climatological  applications  the  results  may  be  useful. 

Because  this  paper  presents  a technique  using  CO^  gas  band  meas- 
urements, this  approach  will  be  discussed  in  greater  detail  below. 
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First  it  should  be  mentioned  that  there  are  other  techniques  for  deter- 
mining cloud  characteristics  from  satellite  measurements  that  do  not 
fit  neatly  into  the  categories  outlined  in  Table  1.  For  example,  it 
may  be  possible  in  the  future  to  use  lidar  techniques  from  space  like 
those  described  by  Platt  (1979)  for  ground  based  units.  Microwave 
measurements  may  be  used  with  SW  and/or  IR  measurements  in  a tri-channel 
or  dual  channel  approach  (Yeh  and  Liou,  1980) . Following  this  reasoning 
a 3-D  histogram  technique  has  been  suggested.  A method  using  IR  window 
and  water  vapor  channels  is  being  pursued  by  Chen  et  al.  (1980).  Fi- 
nally, a technique  that  uses  spectral  infrared  measurements  from  limb 
scanning  is  described  by  Taylor  (1974)  and  by  Remsberg  et  al.  (1980). 

To  conclude  this  section  the  single  field  of  view  C0£  gas  band 
measurement  technique  will  now  be  discussed.  It  is  also  referred  to  as 
the  infrared  sounder  cloud  retrieval  method.  This  approach  has  many 
advantages.  It  requires  the  fewest  a priori  assumptions  while  provid- 
ing day  and  night  capability.  However,  it  does  have  problems  detecting 
low  clouds . More  details  on  the  assumptions  involved  and  limitations 
will  be  given  later. 

The  IR  RTE  in  integro-dif ferential  form  represents  the  backbone 
of  this  method  and  is  given  below. 

lnpQ  (1) 

L(V,0)  = es(v)  B(V,  Ts)  T(V,  0,  ps)  + J B(V,  T[p])  6)  P)  d lnp 

lnp 

rs 

2 -1 

where  L is  spectral  radiance  in  W/m  sr  cm  ,0  is  solar  zenith  angle 
and  is  surface  spectral  emittance  usually  taken  to  be  1 for  10-15 
ym  wavelengths . The  Planck  Function  B is  given  below. 
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B (v,  T)  = v3/[exp(c2v/T)-l] 

where  V is  wavenumber  in  cm  \ T is  temperature  in  °K,  and  and  c2 
are  constants.  The  equation  for  transmittance  T is  given  below. 


x(V,  0,  p)  = exp [ 


_ £ 


L 

f 


K (v,p)  sec  0 dp] 


where  q is  the  gas  mass  mixing  ratio,  g is  the  acceleration  due  to 
gravity,  p is  pressure  with  p^  being  pressure  at  the  top  of  the  atmos- 
phere and  pg  being  pressure  at  the  surface,  and  K is  the  gas  absorption 

coefficient.  Also,  -5— = is  commonly  referred  to  as  the  weighting 

o lnp 

function.  Equation  1 may  be  rewritten  as  Eq.  (2)  for  the  case  of 
opaque  clouds  with  cloud  top  height  at  pc  for  cloud  fraction  N,  and 
1-N  clear  sky  (cs) . 


lnp. 


L(V,  9)  = N | B (V,  Tc)  T(V,  0,  pc)  + / B(V,  T[p]) 

^ lnp„ 


3 x 

3 lnp 


d lnp; 


lnp. 


(1-N)  Jb(V,  Ts)  T(V,  0,  ps)  + J B(V,  T[p]) 
' lnp 


9 T 
9 lnp 


d lnp) 


= N 


L - , + 
Veld 


(1-N)  L, 


Vcs 


(2) 


Two  basic  techniques  using  these  equations  to  solve  for  cloud  proper 
ties  have  been  proposed.  One  is  known  as  the  radiance  ratioing  method. 
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It  is  described  in  Smith  and  Woolf  (1976),  McCleese  and  Wilson  (1976), 
and  Smith  and  Platt  (1978).  It  is  also  used  by  Wielicki  and  Coakley 
(1980),  who  have  described  its  applicability  and  limitations  in  detail. 
An  outline  of  this  method  follows. 

First  rewrite  Eq.  (2)  for  grey  clouds  using  the  relationship  a = 
for  a spectral  radiance  of  wavenumber  vl. 


Jvl 


= a L 


Vlcld 


+ (1-a)  L. 


Vies 


(3) 


where  a and  are  the  unknowns  and  LV2.cld  depends  only  on  pc<  Re- 

arrange Eq.  (3). 


<LV1-LV1CS>  ‘ 


a (L  , , „ - L , ) . 

Vlcld  Vies 


(4) 


To  have  one  equation  with  one  unknown  (?Q)  > ratio  Eq,  (4)  for  two  dif- 
ferent wavenumber  radiances  and  eliminate  a assuming  N e ^ = N 

(LV1  ^Vlcs^  = ^Vlcld  ^Vlcs^ 

(LV2  " LV2cs)  (LV2cld  “ LV2cs^ 

Iterate  through  different  p^'s  until  the  and  L ^ that  satisfy  Eq. 
(5)  are  found.  Finally  take  the  L just  found  and  solve  Eq.  (4)  for 

a. 
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A second  method  is  described  by  Chahine  (1974).  It  is  based  upon 
minimization  of  the  RMS  difference  between  the  observed  radiances  and 
calculated  radiances  that  are  a function  of  cloud  top  pressure  and  ef- 
fective cloud  fraction.  An  iterative  scheme  is  used  to  choose  the 
cloud  pressure  and  fraction  used  in  the  radiative  transfer  equation 
calculations.  While  the  first  technique  is  designed  to  use  only  two 
band  radiances,  the  second  method  may  use  more  than  two  bands.  Requi- 
site lengthy  radiative  transfer  calculations  are  a disadvantage  to 
operational  use  of  this  method. 

Both  of  these  techniques  and  the  one  developed  in  this  paper  as- 
sume the  profile  T(p)  is  known  which  implies  the  clear  sky  spectral 

radiance  L is  known.  All  three  methods  assume  spectral  band  emit- 
Vcs 

tances  (e  ) are  equal,  thus  the  relationship  is  assumed  true. 

All  three  assume  the  clear  sky  spectral  band  weighting  functions  are 
known  and  are  not  identical  to  each  other.  All  three  methods  assume 
the  satellite  radiance  measured  comes  from  a scene  that  contains  only 
the  representative  grey  body  cloud  top  pressure.  Measurements  in 
either  the  4.3  ym  or  15  ym  CO^  band  can  be  used.  Sometimes  the  window 
channel  (11  ym)  is  also  used  with  the  CO^  bands  even  though  they  are 
widely  separated  in  wavenumber  (McCleese  and  Wilson,  1976).  In  this 
case,  only  as  e -*1  does  (Yamamoto  et  al.  1970).  For  this 

reason  poor  results  can  be  expected  using  the  window  and  C0^  channels 
together  to  detect  nonblack  clouds.  Notice  that  all  terminology  used 
in  this  paper  is  consistent  with  recommendations  of  the  IAMAP  Radiation 
Commission  except  that  V is  used  for  wavenumber  instead  of  K (Raschke, 
1978).  The  next  chapter  describes  the  third  technique  mentioned  above. 


III.  SHAPE  PARAMETER  RETRIEVAL  THEORY 


As  stated  earlier,  the  basic  approach  used  in  this  paper  to  deter- 
mine the  weighting  function  curve  shape  parameters  is  commonly  called 
the  infrared  sounder  cloud  retrieval  method  for  a single  field  of  view. 
The  commonly  used  procedures  are  described  in  detail  by  Chahine  (1975) 
and  by  Smith  and  Platt  (1978).  Chapter  II  of  this  paper  contains  a 
brief  review  of  their  techniques.  Because  of  the  limited  number  of 
assumptions  needed  and  the  day-nigjit  capability,  the  C02  band  approach 
is  without  question  the  most  accurate  for  determining  high  and  middle 
cloud  information.  Low  cloud  information  in  tropical  atmospheres  is 
limited  primarily  due  to  the  high  concentration  and  emittance  of  water 
vapor  in  the  lower  troposphere  which  masks  the  clouds'  radiant  signa- 
ture. However,  as  will  be  shown  this  limitation  is  minimized  by  re- 
trieving the  atmospheres  VIRES  instead  of  clouds  per  se.  A brief 
description  of  the  radiative  theory  behind  this  method  follows. 

Equation  1 gives  the  IR  integral  form  of  the  RTE  for  a plane- 
parallel  clear  sky  atmosphere  with  no  scatter  under  the  assumption  of 
local  thermodynamic  equilibrium.  A plot  of  the  variation  of  the  trans- 
mittance  with  respect  to  pressure  is  called  the  weighting  function. 

For  radiation  measured  in  the  C02  absorption  band  or  window  band  in  the 
absence  of  clouds,  the  transmittance  is  a known  function  (with  slight 
dependence  on  temperature  and  water  vapor  profiles)  as  is  the  weight- 
ing function. 

Equation  2 represents  the  satellite-received  spectral  radiance 
[L(v,0)]  from  a scene  containing  N fraction  of  radiatively  black  clouds. 
For  nonblack  clouds  N takes  on  a different  meaning  and  is  replaced  by 
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a,  an  effective  cloud  fraction  (see  Eq.  3).  Because  reflectance  by 
black  or  nonblack  clouds  is  assumed  to  be  small  compared  to  emittance 
in  the  IR  bands  of  concern,  effective  emittance  e(v)  and  transmittance 
t(v)  are  related  by  e(v)  + x(v)  = 1 for  these  wavenumber  bands.  Con- 
sequently, we  may  as  stated  above  replace  N with  an  equivalent  frac- 
tional cloud  cover  value  equal  to  the  product  c(v)  N = ct.  Thus,  true 
fractional  cloud  cover  cannot  be  derived  unless  the  cloud  emittance  is 
known . 

Neglecting  term  L , which  is  usually  calculated  from  assumed 

temperature  and  gas  profiles,  Eq.  (2)  has  unknowns;  pc  and  N.  If  we 

assume  e(v^)  = eO^)...  for  the  wavebands  of  interest,  then  a = e(v)  N 

will  be  the  same  value  in  Eq.  (3)  written  for  each  of  the  spectral 

radiances.  We  therefore,  have  a system  of  at  least  two  equations  with 

two  unknowns,  p and  a.  So  far  we  have  assumed  knowledge  of  gaseous 
c 

and  temperature  profiles  which  allow  us  to  compute  the  appropriate 
clear  sky  spectral  radiance  and  the  many  L^(pc)  values  (using 

specified  cloud  radiative  characteristics)  used  to  find  p^  and  a.  We 
also  assume  that  the  clouds  in  the  scene  all  have  approximately  the 
same  cloud  top  pressure  level  pc*  However,  we  do  not  need  to  assume 
the  scene  is  overcast,  nor  is  it  necessary  to  make  assumptions  about 
adjacent  scenes. 

At  this  point  the  method  used  in  this  paper  diverges  from  the  so- 

called  ratio  method  and  minimization  method  described  in  Chapter  II. 

Instead  of  using  Eq.  (3)  that  gives  satellite  measured  radiance  Lv  in 

terms  of  a,  L , and  L , ,,  an  empirical  equation  with  L in  terms  of 
Vcs  Veld  v 

a,  L and  p is  derived.  This  step  eliminates  the  need  to  solve  the 
Vcs  c 

IR  - RTE  for  the  iteration  value  of  Lvcld.  The  rationale  is  outlined 
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below  using  simulated  satellite  radiances.  The  spectral  radiative 
transfer  routine  and  specific  wavenumber  bands  and  cloud  radiative 
characteristics  used  are  described  in  Chapter  IV. 

The  emphasis  is  on  the  relationship  between  specified  effective 
clouds  and  the  weighting  function.  With  specified  effective  clouds 
present  the  weighting  function  is  drastically  changed.  For  example. 
Figure  2 shows  the  effect  graphically  using  wavenumber  747.5  cm  ^ (5 
cm  ^ band  width)  and  different  levels  of  overcast  cloudiness  for  a 
typical  tropical  atmosphere.  Cloud  emittance  is  near  1 or  is  unity 
since  thick  clouds  are  specified  using  an  emittance  model  (described 
later)  related  to  specified  cloud  water  content.  Figure  3 shows  the 
effect  of  effective  clouds  on  the  weighting  function  for  different 
amounts  of  cloudiness  for  a tropical  atmosphere.  This  is  the  same 
effect  as  changing  cloud  emittance  to  less  than  unity  in  an  overcast 
case.  In  other  words  a is  the  important  shape  parameter  (a  = Ne^) . 
Broadband  weighting  functions  show  the  same  general  characteristic  ef- 
fects of  clouds,  except  for  low  altitude  effective  clouds.  Near  the 
ground,  water  vapor  (see  Figure  4)  acts  much  like  a low  effective  cloud 
as  far  as  the  atmosphere’s  VIRES  is  concerned.  This  is  particularly 
true  in  the  tropics.  Figures  3 and  5 show  that  small  aTs  result  in 
small  changes  in  the  weighting  curve  shape. 

For  each  wavenumber  interval  in  the  CC^  band  there  is  a different 
shaped  weighting  function.  Wavenumbers  close  to  the  center  of  the  band 
show  clear  sky  weighting  function  peaks  near  the  tropopause  due  to 
stronger  line  absorption.  Wavenumbers  further  from  center  such  as 
747.5  cm  ^ show  peaks  at  lower  levels  in  the  atmosphere.  When  there  is 
an  effective  cloud  present,  primary  or  secondary  peaks  (p  _)  occur  near 


Pressure  (mb) 


normalized  d r/d  Jn  p 

Figure  3.  Weighting  curves  for  given  p = 300  mb  and  a values,  V = 


747.5  cm  , for  a tropical  atmosphere 


Pressure  (mb) 


Figure  4.  Broadband  weighting  curves  for  given  and  a - 1 values  for  a tropical  atmosphere. 
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the  effective  cloud  top  level  as  seen  in  Figures  2 and  3.  The  exact 
location  of  the  peak  is  a function  of  model  vertical  resolution  and  in 
this  20  mb  vertical  resolution  model  it  is  found  10  mb  below  specified 
cloud  top  (pc  = p ^ - 10). 

The  most  important  radiative  property  in  IR  bands  is  cloud  emit- 

tance  as  a function  of  depth  into  the  cloud.  Investigation  shows  that 

for  a model  vertical  resolution  of  20  nib,  the  level  of  the  weighting 

function  peak  due  to  the  cloud  is  not  sensitive  to  cloud  emittance 

specifications.  Even  for  transluscent  clouds  the  weighting  function 

peak  (p  -)  is  10  mb  below  specified  effective  cloud  top  (p  ) . 
wx  c 

To  find  an  empirical  relationship  between  L , Pwf5  anc*  values 
of  weighting  function  peak  heights  (Pwf)  due  to  specified  effective 
clouds  were  plotted  against  the  corresponding  values  of  L (p^,  a = 1) 
for  a given  temperature  humidity  profile.  Figure  6 shows  these  plots 
for  a mid-latitude  summer  profile.  Figure  7a, b contains  similar  plots 
for  a tropical  atmosphere.  The  following  relationship  was  found: 

(f)  in  - <LV  - lvcs)  (6) 


The  constants  C and  D depend  on  spectral  wavenumber  and  atmospheric 
profile  used  although  for  small  profile  changes  (1  to  2°C  or  20-30% 
water  vapor)  they  are  nearly  constant.  The  method  used  to  derive  and 
apply  Eq.  (6)  is  the  topic  of  Chapter  IV. 


Figure  6.  Empirical  RTE  curves  for  the  mid-latitude  summer  model  for  a = 1 case. 
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Figure  7a.  Empirical  RTE  curves  for  the  tropical  model  for  a = 1 case. 
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IV.  SHAPE  PARAMETER  RETRIEVAL  PROCEDURE 


Radiances  received  at  satellite  level  are  simulated  using  a spec- 
tral radiative  transfer  equation  (RTE)  for  infrared  radiation  developed 
by  Cox  et  al.  (1976).  Spectral  absorption  data  are  taken  from  Elasser 
and  Culbertson  (1960),  Smith  (1969)  and  Bignell  (1970).  For  broadband 
infrared  calculations  a routine  is  used  that  is  a broadband  approxima- 
tion to  a rigorous  line  by  line  spectral  radiative  transfer  equation, 
and  which  is  described  by  Cox  et  al.  (1976),  and  by  Griffith  and  Cox 
(1977).  Both  sets  of  computer  code  were  modified  to  produce  the  out- 
put requirements  of  this  research.  By  design  both  radiative  models 
are  computationally  fast  with  the  consequence  that  approximations  re- 
sult in  decreased  accuracy.  For  example,  N^O  and  CH^  absorption  is 
ignored  (Gupta  et  al.  1978).  Nevertheless,  the  principals  of  the 
method  described  below  are  not  dependent  on  the  absolute  accuracy  of 
the  radiative  calculations. 

Spectral  bands  chosen  for  use  in  this  research  are  typical  of 
those  used  on  the  satellite-borne  radiometers  called  VTPR  - Vertical 
Temperature  Profile  Radiometer  (NOAA  2-5),  HIRS  - High  Resolution  In- 
frared Sounder  (Nimbus  6,  TIROS-N)  and  VAS-VISSR  Atmospheric  Sounder. 
Detailed  descriptions  of  the  instruments  may  be  found  in  McMillin 
et  al.  (1973),  Sissala  (1975),  and  Schwalb  (1978).  Table  2 gives  the 
central  wavenumber  of  the  bands  used  in  this  study.  These  represent 
typical  values  and  are  not  necessarily  the  optimum  ones.  A 5 cm 
band  width  is  used.  Table  2 also  gives  clear  sky  atmosphere  weighting 
function  properties  of  these  channels. 


Central 
WAVE  Number 

-1 

cm 

Approximate  VTPR 
Channel 

Central 
WAVE  Length 
ym 

Clear  Standard  Atm. 
Wt.  Fun.  Pk. 

Clear 

Tropical  Atm. 
Wt.  Fun.  Pk. 

Clear 

Mid  Lat.  Atm, 
Wt.  Fun.  Pk. 

697.5 

3 

14.337 

'u  210  mb 

210  mb 

210 

707.5 

4 

14.134 

^ 330  mb 

330  mb 

330 

727.5 

5 

13.746 

^ 800  mb 

710  mb 

810 

747.5 

6 

13.378 

sf  c 

730  mb 

sfc 

832.5 

8 

12.012 

sfc 

950  mb 

sfc 

Table  2.  Spectral  band  values  used  in  the  radiative  transfer  equation  to  simulate  satellite  data 
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The  tropical  and  mid- latitude  atmospheric  variables  used  in  this 
study  are  given  in  Tables  3 and  4 respectively.  These  values  were 
taken  from  the  Handbook  of  Geophysics  and  Space  Environments  (1965)  and 
from  U.S.  Standard  Atmosphere  1976  (1976).  As  Tables  3 and  4 indicate, 
the  radiative  transfer  routine  is  run  with  a 20  mb  tropospheric  resolu- 
tion . 

Besides  gas  and  temperature  profiles,  cloud  radiative  properties 
must  be  specified.  As  stated  earlier  and  as  examined  in  more  detail 
later,  these  specified  cloud  characteristics  are  not  critical  to  ob- 
taining the  proper  weighting  function  curve  shape  parameters  (Pw£  and 
a) . Figure  8 describes  the  emittance  model  used  in  this  research. 

Table  5 gives  the  specified  cloud  parameters.  Notice  that  each  of  the 
45  modeled  effective  clouds  is  100  mb  thick  (where  possible)  and  that 
below  300  mb  the  emittance  is  unity  (black  radiating  surfaces).  The 
effective  cloud  tops  range  from  100  mb  to  980  mb  at  20  mb  intervals. 

Since  all  parameters  have  been  defined,  radiance  values  can  now 
be  calculated  for  each  of  the  six  bands  given  in  Table  2.  Satellite 
received  radiance  values  are  simulated  for  each  atmosphere  and  wave 
band  for  forty- five  overcast  cases  and  one  clear  sky  case.  From  these 
230  spectral  radiance  values,  any  simulated  set  of  satellite  values 
for  a given  atmospheric  profile  can  be  generated  using  Eq.  (3).  Fig- 
ures 6 and  7a  give  plots  of  Lv  vs.  p ^ for  the  overcast  case  (a  values 
given  in  Table  5)  simulated  in  this  way.  The  procedure  for  obtaining 
the  weighting  curve  shape  parameters  will  be  discussed  next. 

A standard  least  square  linear  regression  model  (Snedecor  and 
Cochran,  1967)  is  applied  to  the  data  in  Figures  6 and  7a  using  a log 
pressure  transformation.  The  basic  model  is  y = b exp  (mx)  and  in  its 
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PRESSURE 

mb 

TEMPERATURE 

°K 

W H20 
G/KG 

W 03 
OG/G 

W C02 
G/KG 

1.6 

265.0 

.010 

6.200 

.486 

20.0 

225.6 

.020 

10.342 

.486 

40.0 

215.3 

.010 

4.429 

.486 

60.0 

205.6 

.010 

1.723 

.486 

80.0 

198.7 

.010 

.623 

.486 

100.0 

195.7 

.010 

.348 

.486 

120.0 

200.0 

.010 

.227 

.486 

140.0 

206.0 

.010 

.200 

.486 

160.0 

211.0 

.010 

.175 

.486 

180.0 

216.4 

.010 

.152 

.486 

200.0 

221.0 

.010 

.138 

.486 

220.0 

225.2 

.020 

.126 

.486 

240.0 

228.7 

.040 

.114 

.486 

260.0 

232.3 

.070 

.104 

.486 

280.0 

235.9 

.110 

.096 

.486 

300.0 

239.2 

.160 

.090 

.486 

320.0 

242.5 

.220 

.085 

.486 

340.0 

245.3 

.300 

.081 

.486 

360.0 

247.8 

.390 

.077 

.486 

380.0 

250.2 

.480 

.074 

.486 

400.0 

252.8 

.600 

.072 

.486 

420.0 

255.4 

.730 

.071 

.486 

440.0 

257.9 

.870 

.069 

.486 

460.0 

260.2 

1.030 

.068 

.486 

480.0 

262.6 

1.200 

.067 

.486 

500.0 

264.7 

1.400 

.066 

.486 

520.0 

266.5 

1.630 

.065 

.486 

540.0 

268.3 

1.870 

.064 

.486 

560.0 

270.1 

2.110 

.063 

.486 

580.0 

271.9 

2.300 

.062 

.486 

600.0 

273.8 

2.490 

.061 

.486 

620.0 

275.7 

2.680 

.060 

.486 

640.0 

277.6 

3:290 

.059 

.486 

660.0 

279.3 

4.680 

.059 

.486 

680.0 

281.0 

6.070 

.058 

.486 

700.0 

282.7 

7.460 

.058 

.486 

720.0 

284.2 

8.560 

.058 

.486 

740.0 

285.1 

8.810 

.057 

.486 

760.0 

286.0 

9.050 

.057 

.486 

780.0 

286.8 

9.290 

.057 

.486 

800.0 

287.8 

9.540 

.056 

.486 

820.0 

288.9 

9.990 

.056 

.486 

840.0 

290.1 

10.520 

.055 

.486 

880.0 

291.3 

11.570 

.054 

.486 

900.0 

293.7 

12.090 

.053 

.486 

920.0 

294.8 

12.800 

.052 

.486 

940.0 

295.9 

13.550 

.051 

.486 

Table  3.  (Page  1) 
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PRESSURE 

TEMPERATURE 

W H20 

W 03 

W C02 

mb 

°K 

G/KG 

OG/G 

G/KG 

Table  3.  Tropical  atmospheric  profile  variables. 


960.0 

297.0 

14.300 

.050 

980.0 

298.1 

15.060 

.050 

1000.0 

299.2 

15.810 

.049 

1013.0 

300.0 

16.300 

.048 

86 

86 

86 

86 
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PRESSURE 

mb 

TEMPERATURE 

°K 

W H20 
G/KG 

W 03 

UG/G 

W CO  2 
G/KG 

1.8 

270.0 

.003 

8.600 

.486 

20.0 

229.8 

.003 

9.775 

.486 

40.0 

222.6 

.003 

6.597 

.486 

60.0 

219.0 

.003 

4.260 

.486 

80.0 

217.1 

.003 

2.782 

.486 

100.0 

216.0 

.003 

1.813 

.486 

120.0 

216.0 

.003 

1.258 

.486 

140.0 

216.0 

.003 

.978 

.486 

160.0 

216.0 

.004 

.782 

.486 

180.0 

216.2 

.006 

.675 

.486 

200.0 

220.2 

.010 

.568 

.486 

220.0 

224.3 

.014 

.465 

.486 

240.0 

228.4 

.019 

.365 

.486 

260.0 

231.7 

.030 

.292 

.486 

280.0 

234.8 

.042 

.223 

.486 

300.0 

238.1 

.064 

.189 

.486 

320.0 

241.3 

.086 

.157 

.486 

340.0 

244.0 

.133 

.133 

.486 

360.0 

246.5 

.188 

.112 

.486 

380.0 

249.0 

.239 

.096 

.486 

400.0 

251.6 

.287 

.089 

.486 

420.0 

254.2 

.336 

.082 

.486 

440.0 

256.4 

.396 

.077 

.486 

460.0 

258.3 

.462 

.073 

.486 

480.0 

260.3 

.527 

.069 

.486 

500.0 

262.2 

.599 

.067 

.486 

520.0 

• 264.0 

.673 

.065 

.486 

540.0 

265.7 

.748 

.063 

.486 

560.0 

267.5 

.841 

.062 

.486 

580.0 

269.1 

.976 

.060 

.486 

600.0 

270.7 

1.111 

.058 

.486 

620.0 

272.4 

1.246 

.057 

.486 

640.0 

273.9 

1.373 

.065 

.486 

660.0 

275.3 

1.495 

.056 

.486 

680.0 

276.8 

1.617 

.055 

.486 

700.0 

278.3 

1.739 

.055 

.486 

720.0 

279.7 

1.909 

.055 

.486 

740.0 

281.0 

2.126 

.055 

.486 

760.0 

282.3 

2.344 

.055 

.486 

780.0 

283.6 

2.561 

.054 

.486 

800.0 

284.9 

2.778 

.054 

.486 

820.0 

285.9 

2.962 

.054 

.486 

860.0 

287.9 

3.322 

.054 

.486 

880.0 

288.9 

3.502 

.054 

.486 

Table  4.  (Page  1.) 
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PRESSURE 

mb 

TEMPERATURE 

°K 

W H20 
G/KG 

W 03 
UG/G 

W C02 
G/KG 

900.0 

289.9 

3.682 

.054 

.486 

920.0 

290.6 

3.861 

.054 

.486 

940.0 

291.4 

4.039 

.054 

.486 

960.0 

292.1 

4.218 

.054 

.486 

980.0 

292.8 

4.396 

.054 

.486 

1000.0 

293.5 

4.575 

.054 

.486 

1013.0 

294.0 

4.700 

.054 

.486 

Table  4 


Mid-latitude  summer  atmospheric  profile 
variables . 
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ECLOUD 


1 - exp (-K  LWC  Az) 


£ CLOUD  1 “ TCLOUD 


Cloud  Top 
Pressure  (mb) 

Assumed  average  cloud 
Ice  or  liquid  water 

(LWC)  content  (gra”b 

Cloud  penetration  distance 
for  satellite  11  ym  radi- 
ance measurements  (meters) 

100 

0.01 

1660 

200 

0.02 

830 

300 

0.05 

332 

400 

0.10 

166 

500 

0.20 

83 

600 

0.33 

50 

700 

0.50 

33 

800 

1.00 

20 

900 

1.00 

20 

1000 

1.00 

20 

2 -1 

A mass  absorption  coefficient  (K)  of  0.045  m g was  used  at  all  levels 
thereby  allowing  cloud  emissivity  to  be  determined  by  variations  in 
cloud  water  content  and  cloud  thickness.  (After  Cox  and  Griffith, 
1978). 


Figure  8.  Description  of  cloud  emittance  model  used  in  this  paper. 
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CLOUD 

TOP 

CLOUD 

BASE 

LWC 

/ 3 
g/cm 

COMP. 

T 

COMP. 

a,N=l 

CLOUD 

TOP 

CLOUD 

BASE 

LWC 

g/cm3 

COMP. 

T 

COMP. 

a,N=l 

100 

200 

.010 

.15 

.85 

560 

660 

.248 

.00 

1.0 

120 

220 

.011 

.15 

.85 

580 

680 

.279 

.00 

1.0 

140 

240 

.013 

.13 

.87 

600 

700 

.313 

.00 

1.0 

160 

260 

.016 

.10 

.90 

620 

720 

.352 

.00 

1.0 

200 

300 

.021 

.08 

.92 

640 

740 

.395 

.00 

1.0 

220 

320 

.025 

.06 

.94 

660 

760 

.443 

.00 

1.0 

240 

340 

.029 

.04 

.96 

680 

780 

.498 

.00 

1.0 

260 

360 

.034 

.03 

.97 

700 

800 

.559 

.00 

1.0 

280 

380 

.040 

.02 

.98 

720 

820 

.628 

.00 

1.0 

300 

400 

.047 

.01 

.99 

740 

840 

.705 

.00 

1.0 

320 

420 

.055 

.01 

.99 

760 

860 

.792 

.00 

1.0 

340 

440 

.064 

.00 

1.0 

780 

880 

.890 

.00 

1.0 

360 

460 

.075 

.00 

1.0 

800 

900 

1.00 

.00 

1.0 

380 

480 

.087 

.00 

1.0 

820 

920 

1.00 

.00 

1.0 

400 

500 

.100 

.00 

1.0 

840 

940 

1.00 

.00 

1.0 

420 

520 

.110 

.00 

1.0 

860 

960 

1.00 

.00 

1.0 

440 

540 

.124 

.00 

1.0 

880 

980 

1.00 

.00 

1.0 

460 

560 

.139 

.00 

1.0 

900 

1000 

1.00 

.00 

1.0 

480 

580 

.156 

.00 

1.0 

920 

1000 

1.00 

.00 

1.0 

500 

600 

.175 

.00 

1.0 

940 

1000 

1.00 

.00 

1.0 

520 

620 

.197 

.00 

1.0 

960 

1000 

1.00 

.00 

1.0 

540 

640 

.221 

.00 

1.0 

980 

1000 

1.00 

.00 

1.0 

Table  5.  Specified  Cloud  Parameters. 
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linear  form  it  is  In  y = In  b + mx,  where  m = slope  and  In  b is  the  y 
intercept  value.  In  this  model  the  known  independent  variable  x is 
given  below: 


X - Lv  (f.£'  a) 


a 


L - j + 
Veld 


(1-a)  L 

ves  * 


where  is  the  satellite  measured  spectral  radiance  for  a given  spot, 
a is  the  effective  cloud  amount,  L is  the  radiance  from  the  cloudy 
area  of  the  spot,  and  Lycs  is  the  radiance  from  the  clear  sky  portion 
of  the  spot.  The  dependent  variable  y is  equal  to  Pwf  Using  the  data 
represented  in  Figures  6 and  7a  one  can  solve  for  the  equation  para- 
meters m and  b for  a = 1 for  each  wavenumber  line. 

One  could  solve  for  m and  b values  for  a number  of  a value  lines 
(Figures  6 and  7a  represent  an  a = 1 line)  using  the  same  procedure. 
However,  an  easier  and  faster  approach  is  to  rewrite  the  linear  regres- 
sion model  in  terms  of  a.  First  note  Figure  7b  which  shows  that  re- 
gardless of  the  a value  line  plotted,  as  approaches  UVcs>  Pw£ 
approaches  the  constant  value  D.  Furthermore,  since  x is  a linear 
combination  using  ^VcQ  and  a»  one  might  expect  to  be  able  to  write  the 
linear  model  in  terms  of  Ux)cs  and  a which  in  effect  gives  an  equation 
that  represents  a family  of  curves  in  p ^ and  a.  In  other  words  con- 
sider the  model 


y = b exp  (Cx  4 a) . 


Analysis  showed  that  for  such  a model 
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b = D -5-  exp  (CL  v a) . 
r Vcs 

This  results  in  the  following  relationship 


C(L 


y = D exp  [- 


V 


hvcs) 


a 


] - 


Pwf 


(7) 


In  this  equation  is  simply  related  to  both  and  a.  is  meas- 

ured and  L is  known.  For  the  a = 1 case  plotted  in  Figures  6 and 
Vcs 

7a,  constant  C is  simply  the  lines’  slope  m,  and  constant  D = exp 

(CL  + In  b)  . 

Vcs 

Table  6 gives  the  respective  values  of  C and  D and  ^>Vcs  for  each 

wavenumber  band.  Computationally  these  values  are  used  in  Eq.  (7), 

which  is  simply  another  form  of  Eq.  (6)  given  in  Chapter  III.  For  each 

wavenumber  there  is  a separate  equation  with  two  unknowns  p ^ and  Ot. 

One  may  solve  a set  of  two  equations  with  two  unknowns.  Two  wavenumber 

equations  are  chosen.  A simple  iterative  scheme  that  changes  values  of 

a in  the  two  equations  is  used  to  solve  simultaneously  for  the  values 

of  p and  a of  Eq.  (7).  Computationally  one  looks  for  the  best  agree- 
rwf 

ment  between  the  two  calculated  values  of  Pw£  as  one  iterates  through 
the  a values . 

Each  wavenumber  family  of  curves  (Eq.  7)  represents  information 
from  a part  of  the  atmosphere  as  given  in  Table  6.  As  stated  in  Table 
2 and  illustrated  in  Figures  9 and  10  for  six  spectral  bands  of  inter- 
est, clear  sky  weighting  functions  peak  at  certain  levels  in  the  atmos- 
phere. Most  of  the  radiance  information  at  a given  wavelength  comes 
from  the  part  of  the  atmosphere  above  this  peak.  A relatively  small 
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WAVE  NUMBER 

-1 

cm 

WEIGHTING  FUNCTION  PEAK 
LEVEL  RANGE  (mb) 

VARIABLES 

C*  D**  CCR*** 

MID  LATITUDE  SUMMER  ATMOSPHERE 

832.5 

500  - 

690 

3.09 

1007 

.587 

832.5 

690  - 

890 

2.87 

971 

.587 

832.5 

890  - 

995 

3.85 

998 

.587 

747.5 

320  - 

790 

4.55 

920 

.521 

747.5 

790  - 

890 

5.95 

963 

.521 

747.5 

890  - 

995 

9.11 

996 

.521 

727.5 

295  - 

600 

6.47 

815 

.433 

707.5 

190  - 

455 

14.0 

581 

.311 

697.5 

190  - 

295 

31.2 

396 

.259 

TROPICAL  ATMOSPHERE 

832.5 

370  - 

630 

3.21 

942 

.578 

832.5 

630  - 

730 

2.62 

856 

.578 

832.5 

730  - 

935 

4.47 

942 

.578 

747.5 

320  - 

730 

4.12 

795 

.513 

747.5 

730  - 

935 

10.9 

899 

.513 

727.5 

295  - 

660 

6.00 

744 

.428 

707.5 

100  - 

400 

13.9 

600 

.302 

697.5 

100  - 

295 

26.2 

381 

.234 

* units 

of  [W/m^  str  5 

I-.  1 
i cm  ] 

**  modified  intercept  in  units  of  mb. 

explained  in  text 

***  clear 

2 

column  radiance  (W/m  str  5 

-l. 
cm  ) 

Table  6.  Cloud  retrieval  empirical  equation  variables. 


Pressure  (mb) 
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portion  of  the  total  atmospheric  spectral  radiance  received  at  satel- 
lite level  originates  below  the  clear  sky  weighting  function  peak  level. 
Thus,  any  effective  radiating  surface  below  this  clear  sky  peak  level 
will  not  be  strongly  indicated  in  the  satellite-received  radiance  value. 

This  effect  can  be  seen  in  Figures  6 and  7a.  Above  the  respective 
wave  band  natural  clear  sky  weighting  function  peak,  the  relationship 
of  In  p^£  to  (satellite  received  spectral  radiance)  is  nearly  linear 
with  a flat  slope.  However,  below  this  point  the  slope  steepens  in- 
dicating very  little  change  in  for  a change  in  p^^  (level  of  the 
effective  radiating  surface  since  Ot  = 1)  . 

This  effect  is  also  evident  in  Figures  11  and  12  which  plot  wave- 
length dependent  signal  to  noise  ratio  as  a function  of  height  for  the 
tropical  and  mid-latitude  atmospheres  respectively.  The  signal  - 

L (see  Eq.  7)  and  the  error  values  are  given  in  Chapter  V.  In  the 
Vcs 

figures,  the  solid  lines  indicate  a - 1 (overcast  case)  and  the  dashed 
lines  are  for  a less  than  1.  For  a values  less  than  1,  the  signal  to 
noise  ratio  is  reduced  by  a factor  of  a.  For  example,  if  a = .5  the 
signal  to  noise  ratio  will  be  half  the  value  it  is  for  a = 1.  Note 
that  as  a + 0 and  as  p ^ (with  constant  a = 1)  1000  mb  the  signal  to 

noise  ratio  decreases.  In  other  words  less  information  is  available 
from  which  to  make  curve  shape  retrievals  as  these  boundaries  are  ap- 
proached. However,  as  illustrated  in  Figures  4 and  5 by  the  small 
curve  shape  change  the  VIRES  of  the  atmosphere  is  least  sensitive  to 
errors  near  these  boundaries.  Figures  11  and  12  seem  to  indicate  that 
the  wavenumber  band  curves  peaking  near  the  surface  should  give  the 
best  results  overall.  However,  the  £^  = £^2  assumption  limits  the  use 
of  these  widely  spaced  wavelength  curves  higher  in  the  atmosphere  where 


EFFECTIVE  CLOUD  TOP  PRESSURE  (mb) 
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Figure  11.  Signal  to  noise  ratio  vs.  overcast  effective  cloud  top 

pressure  for  tropical  model.  NOTE:  Signal  = ” L^. 


EFFECTIVE  CLOUD  TOP  PRESSURE  (mb) 


SIGNAL/ NOISE 


Figure  12.  Signal  to  noise  ratio  vs.  overcast  effective  cloud  top 
pressure  for  the  mid— latitude  summer  model. 


43 


nonblack  clouds  are  common.  Also,  the  slope  and  linearity  of  the 
curves  in  Figures  6 and  7a, b for  these  wavebands  limit  their  use  at 
upper  tropospheric  levels. 

Therefore,  since  the  curve  shape  parameter  radiance  signal  is  re- 
lated to  the  clear  sky  weighting  function  peak  level,  only  the  areas  of 
the  atmosphere  indicated  by  solid  lines  in  Figures  6 and  7a, b for  the 
respective  wavebands  are  used  in  the  retrieval  calculations.  This  has 
the  effect  of  maximizing  the  useful  shape  parameter  information  con- 
tained in  the  satellite  radiance  values. 

Two  further  points  can  be  made.  First,  the  empirical  RTE  family 
of  curves  approach  requires  linearity  in  In  p which  restricts  the  use- 
ful part  of  the  curves  in  Figures  6 and  7a, b as  indicated  in  Table  6. 

To  obtain  best  results  a few  of  the  solid  lines  plotted  in  Figures  6 
and  7a, b are  actually  broken  down  into  two  or  three  straight  line  seg- 
ments. All  lines  calculated  resulted  in  the  coefficient  of  determina- 
2 

tion  (r  ) exceeding  0.98.  Secondly,  for  any  given  level  of  the  atmos- 
phere (100  - 980  mb)  there  must  be  at  least  two  different  waveband 
family  of  curves  equations  that  can  be  compared  to  each  other  in  order 
to  determine  the  proper  shape  parameters  p^^  and  a.  Table  6 indicates 
that  this  condition  is  met  and  that  at  times  three  curves  overlap  for 
comparison. 

Neglecting  input  errors  for  now,  it  is  useful  to  evaluate  the 
statistical  characteristics  of  the  previously  described  empirical  re- 
trieval. Figures  13  and  14  show  an  evaluation  of  the  bias  and  RMS 
error  associated  with  retrieval  of  the  two  curve  shape  parameters  p ^ 
and  a.  RMS  error  is  the  standard  deviation  of  retrieval  error.  Bias 
error  is  the  mean  retrieved  value  minus  the  actual  simulated  value. 
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Each  point  plotted  is  an  evaluation  of  50  values.  The  50  values  came 
from  the  5 effective  cloud  top  levels  in  a given  100 Ts  category  (i.e. 

300,  320,  340,  360  and  380  mb)  evaluated  at  10  clear  versus  cloudy 
fractional  weightings  (i.e.  1.0,  0.9,  ...,  0.1).  Values  were  calcu- 
lated for  the  tropical  atmosphere  between  100  and  880  mb  and  between 
200  and  980  mb  for  the  mid-latitude  summer  atmosphere.  Values  above 
the  tropopause  were  not  considered  because  isothermal  conditions  give 
no  indication  of  p ^ changes  in  the  satellite  radiance  values  (i.e. 

— ^ 0) . Values  at  900  mb  and  below  in  the  tropical  atmosphere  were 
dz 

not  considered  because  the  high  concentration  of  water  vapor  at  these 
levels  essentially  has  the  same  effect  on  the  atmosphere  VIRES  whether 
an  effective  cloud  is  there  or  not. 

From  Figures  13  and  14  it  can  be  seen  that  the  RMS  curves  are  in- 
fluenced by  the  signal  to  noise  ratio  values  discussed  previously.  As 
pointed  out  before,  the  errors  occurring  in  the  retrieval  low  in  the 
atmosphere  have  the  least  effect  on  the  shape  of  the  broadband  weight- 
ing function  curve.  However,  the  error  shown  by  the  bias  curves  is 
only  due  to  the  failure  of  the  empirical  RTE  to  exactly  duplicate  cal- 
culation of  the  RTE  for  every  combination  of  p^  and  a.  The  dotted  line 
shows  an  adjustment  made  to  the  empirical  method  to  remove  a small  con- 
sistently high  bias.  Variable  D (an  intercept  value)  of  Eq.  (7)  is 
slightly  reduced  to  nearly  eliminate  this  bias.  Apparently  solving  for 
C and  D by  the  method  described  earlier  using  a - 1 which  is  at  a bound- 
ary, results  in  this  - 5 mb  bias. 

As  stated  previously  and  as  outlined  in  Figure  la  the  shape  param- 
eter p and  a are  used  in  the  broadband  computer  routine  referred  to 

rwf 

earlier  in  this  chapter.  The  program  is  run  using  the  same  atmospheric 
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profile  used  to  compute  the  C and  D values  of  Eq.  (7)  and  listed  in 
Table  6.  One  may  run  the  program  with  many  pairs  of  shape  parameters 
to  produce  a composite  VIRES  curve.  Chapter  VI  gives  examples  of  this 
procedure  and  explains  how  the  VIRES  broadband  curves  are  used  to  yield 
the  proposed  VIRES  index.  The  next  chapter  evaluates  the  retrieval 
errors  under  realistic  system  error  conditions.  Note  also  that  at  the 
end  of  Chapter  V it  is  shown  that  one  may  produce  useful  composite 
curves  by  combining  the  simulated  spectral  radiances  before  curve  shape 
parameter  retrieval  is  performed. 


V.  SENSITIVITY  ANALYSIS 


To  help  assess  the  feasibility  of  using  the  atmospheric  VIRES  as  a 
climate  index  in  the  form  of  broadband  infrared  weighting  functions,  it 
is  useful  to  know  the  characteristic  errors  of  inferring  these  profiles 
from  satellite  spectral  radiances.  First,  the  uncertainties  both  ran- 
dom and  bias  associated  with  the  empirical  RTE  technique  used  to  re- 
trieve the  weighting  curve  shape  parameters  p f and  a are  examined. 
Secondly,  the  sensitivity  of  the  final  weighting  curve  product  to  rea- 
sonable errors  is  examined.  All  error  sources  evaluated  are  associated 
with  implicit  or  explicit  assumptions. 

A.  Shape  parameter  retrieval  errors 

Error  sources  examined  in  this  section  include  system- instrument 
errors,  errors  associated  with  temperature,  humidity,  and  CC^  profile 
unknowns,  and  errors  due  to  specified  cloud  properties  assumptions. 

The  sensitivity  of  the  weighting  curve  shape  parameters  to  these  likely 
error  sources  is  investigated.  The  chosen  approach  and  specific  error 
magnitudes  are  discussed  below. 

The  calculation  of  the  statistics  used  in  this  analysis  is 
straightforward.  The  p f and  a RMS  errors  are  variations  of  the  re- 
trieved values  about  the  retrieval  mean  Pw£  and  a values . Thus  the 
RMS  is  a measure  of  the  retrieved  values  standard  deviation  about  the 
mean.  However,  because  the  RMS  is  large  compared  to  the  mean,  the 
described  RMS  value  is  nearly  equal  to  the  RMS  calculated  the  standard 
way.  Bias  error  is  the  difference  between  the  actual  and  retrieved 


mean  value. 
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Important  to  the  calculation  of  the  statistics  is  the  empirical- 
RTE  technique  boundary  conditions.  Naturally  the  values  of  a are  found 
between  1.0  and  0.  For  clear  sky  conditions  a is  given  the  value  0 and 
p r = 1000  mb.  Clear  sky  conditions  are  assigned  when  L > L - 20  , 

where  V = 747.5  and  832.5  cm  , and  a is  the  standard  deviation  of  in- 
strument error  at  a given  wavenumber.  Retrieval  calculations  giving 
radiating  surfaces  above  the  tropopause  are  taken  to  indicate  the 
radiating  surface  location  at  the  tropopause  level  (100  mb  for  tropical 
atmosphere,  and  180  mb  for  mid-latitude  atmosphere).  Because  of  the 
strong  influence  of  water  vapor  in  the  tropical  model,  radiating  sur- 
faces calculated  to  be  below  935  mb  are  taken  to  indicate  clear  sky 
conditions.  Specifics  of  the  error  analysis  are  given  in  the  Appendix. 
A summary  of  these  results  including  error  assumptions  follows. 

Instrument  system  noise  is  assumed  to  be  Gaussian  with  a mean  of 

-2  -1 

zero  and  a standard  deviation  of  0.22  mW  m sr  cm  for  the  CC^  channels 
-2  -1 

and  0.11  mW  m sr  cm  for  the  window  channel.  These  values  represent 
the  state  of  the  art  precision  of  the  HIRS  instrument  on  TIR0S-N 
(Schwalb,  1978).  It  is  also  assumed  that  channel  errors  for  a specific 
spot  measurement  are  correlated.  Thus  each  simulated  spectral  radi- 
ance value  was  modified  in  a like  manner  by  an  error  value  distributed 
as  described  above  and  chosen  randomly  for  each  set  of  radiance  values. 
The  effect  of  this  approach,  compared  to  random  assignment  of  individ- 
ual errors  to  the  spectral  radiances  in  a set,  is  to  give  - 30%  smaller 
overall  bias  errors  and  ~ 20%  smaller  RMS  errors  to  the  retrieved  curve 
shape  parameters.  The  bias  and  RMS  errors  are  smaller  because  the  re- 
trieval routine  is  better  able  to  find  a unique  solution  when  errors 
are  in  the  same  direction  and  of  similar  magnitude.  Real 
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characteristic  sensor  noise  of  course,  lies  somewhere  between  the  two 
descriptions  given  above.  Although  example  comparisons  of  the  results 
from  the  two  approaches  showed  the  trend  described  above,  the  noise 
correlation  approach  was  chosen  for  the  overall  sensitivity  analysis. 

Temperature  and  water  vapor  profile  errors  are  also  assumed  to  be 
Gaussian  with  zero  mean.  Errors  vary  randomly  from  one  20  mb  layer  to 
another  and  temperature  errors  are  assumed  not  to  be  correlated  with 
humidity  errors.  Reasonable  temperature  and  humidity  errors  are  as- 
sumed to  be  < 5°C  RMS  for  temperature  and  an  RMS  £ 100%  of  the  correct 
mixing  ratio  (Wielicki  and  Coakley,  1980).  Although  analysis  was  done 
for  a number  of  reasonable  values,  the  results  reported  on  in  the  Ap- 
pendix are  for  a 2°C  RMS  and  an  RMS  water  vapor  noise  of  50%  (Susskind 
and  Rosenf ield,  1980;  Weinreb  and  Crosby,  1977). 

C0^  profile  maximum  errors  are  assumed  to  be  of  magnitude  1%. 

2 

This  represents  a value  that  is  of  the  seasonal  change  in  C02  con- 
centration (Bolin  and  Bischof,  1970;  Miller,  1978).  C02  is  assumed  to 
be  well  mixed  in  the  troposphere  and,  therefore,  the  error  is  ap- 
plied equally  from  layer  to  layer. 

For  all  profile  errors  a simple  correction  technique  is  sometimes 
useful.  Using  additional  radiative  information  in  the  form  of  a clear 
column  radiance  correction  (CCRC)  decreases  error  values.  Application 
of  CCRC  is  explained  in  the  Appendix. 

Cloud  radiative  properties  must  be  specified  or  assumed  to  be  of 
a certain  nature.  For  emitted  radiation  the  most  important  property 
(and  only  one  examined  here)  is  cloud  effective  emittance.  As  Platt 
and  Stephens  (1980)  have  recently  pointed  out,  there  are  scattering  and 
reflection  components  of  effective  cloud  emittance,  especially  for  ice 


51 


clouds.  However,  for  the  cloud  model  used  in  this  research,  two  prop- 
erties determine  the  cloud  effective  emittance;  cloud  thickness  and 
cloud  liquid  water  content  (LWC) . Two  errors  that  are  most  likely  to 
occur  are  examined.  First  a 100  mb  thick  cloud  is  specified  when  in 
reality  a 20  mb  thin  cloud  is  present.  In  other  words,  cloud  emittance 
is  specified  too  large.  Second,  a cloud  of  higher  LWC  than  specified 
is  present.  This  is  the  case  of  cumulonimbus  cloud  at  cirrus  level. 

In  this  situation  cloud  emittance  is  specified  too  small.  This  occurs 
only  above  300  mb  since  below  thin  level  cloud  emittance  is  specified 
at  the  maximum  value  of  1.  As  stated  previously  and  as  shown  by  this 
analysis,  the  retrieval  process  is  essentially  independent  of  cloud 
radiative  properties  specified. 

Table  7 gives  a summary  of  the  error  sources  and  the  corresponding 
bias  and  RMS  order  of  magnitude  error  for  the  two  curve  shape  param- 
eters retrieved.  The  combination  error  source  includes  a random  2°C 
RMS  and  50%  RMS  water  mixing  ratio  error.  It  also  includes  instrument 
noise  as  described  above.  Cloud  depth  is  allowed  to  randomly  vary  from 
20  to  180  mb  and  cloud  LWC  varies  randomly  from  + 50%  of  the  specified 
value.  This  table  shows  results  that  testify  to  the  capability  of  this 
retrieval  method. 

B.  Error  effects  on  the  weighting  curves 

The  next  source  of  error  evaluated  is  the  assumption  that  the 
satellite  sensor  views  only  one  effective  cloud  layer  in  non-clear 
situations.  Direct  sensitivity  of  the  weighting  curve  to  this  error  is 
investigated.  The  error  is  examined  by  means  of  a sensor  resolution 
argument.  We  compare  two  models.  In  the  first  model  the  sensor 
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Error 

Sources* 

p ^ bias  (mb) 

Statistical  Values* 
Pw£  RMS  (mb)  a bias 

a RMS 

Empirical  RTE 

0 

5 

± .01 

.03 

Sensor  noise 

± 15 

80 

± .04 

.15 

Temperature  + humidity 

± 30 

160 

± .06 

.30 

Temperature  + humidity 
with  CCRC* 

± 15 

20 

± . 06 

.05 

CO2  profile 

± 30 

40 

± .02 

.02 

CO^  profile  with  CCRC 

± 2 

10 

± .01 

.02 

Specified  emittance 

± 2 

8 

± .01** 

.03** 

Combination 

± 15 

160 

± .05 

.35 

Combination  with  CCRC 

± 15 

90 

± .05 

.20 

* defined  in  text 

**  not  plotted  in  the  Figures 


Table  7.  List  of  representative  errors  in  shape  parameter  retrieval 
due  to  given  error  sources. 
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detects,  for  example,  200  sets  of  radiances,  representing  single  layer 
effective  clouds.  This  model  is  compared  to  the  second  model  which 
senses  100  sets  of  radiance  values  for  the  same  area  of  effective  cloud. 
The  second  set  of  radiances  are  simply  averages  of  the  first  set  of 
radiances  taken  by  pairs.  For  both  cases  curve  shape  parameters  are 
retrieved  assuming  single  layer  effective  clouds  and  composite  weight- 
ing function  curves  which  represent  the  same  200  spot  (high  resolution) 
area  are  computed.  The  two  curves  are  statistically  compared  to  test 
the  one  layer  error  assumption.  In  the  200  spot  specified  model  the 
assumption  is  totally  true,  while  in  the  100  pair  model  the  assumption 
is  completely  false. 

In  this  analysis  the  200  spot  area  represents  a sample  from  an 
effective  cloud  layer  distribution.  Three  different  distributions  of 
effective  cloud  top  heights  are  specified  to  provide  a more  complete 
test.  The  test  in  general  as  well  as  the  distributions  are  described 
in  detail  in  the  Appendix.  The  statistical  test  used  is  described  in 
Chapter  VI. 

Table  8 shows  the  results  of  the  single  effective  cloud  layer 
assumption  analysis.  The  statistical  test  values  indicate  that  for  the 
situations  of  curve  compositing  the  errors  associated  with  the  single 
layer  assumption  are  minimized.  For  the  test  cases  presented,  the  re- 
trieved composite  weighting  function  curves  are  extraordinarily  similar 
to  the  true  (specified)  curves.  Although  the  statistical  test  is  de- 
signed to  indicate  curve  differences,  small  T values  imply  likeness. 

In  other  words,  if  the  calculated  T values  are  as  large  or  larger  than 
the  critical  T value  then  (the  curves  are  the  same)  can  be  rejected 


DISTRIBUTIONS 

100  - 
Pos . 

SIGN 
380  mb 
Neg. 

COUNTS 
400  - 
Pos. 

FOR  SIGN 
680  mb 
Neg. 

TEST 
700  - 
Pos . 

980  mb 
Neg. 

T Statistic 

FLATS  vs  FLATR 

9 

6 

9 . 

6 

7 

8 

1.96 

(Cut  off  correction) 

FLATS  vs  FLATR 

6 

5 

1 

1 

0 

0 

0 

FLATS  vs  FLATR* 

7 

8 

9 

6 

7 

8 

0.98 

(Cut  off  correction) 

FLATS  vs  FLATR* 

7 

6 

0 

2 

0 

0 

1.39 

BIMOS  vs  BIMOR 

7 

8 

9 

6 

7 

8 

0.98 

(Cut  off  correction) 

BIMOS  vs  BIMOR 

4 

5 

1 

1 

0 

0 

0 

1PK3S  vs  1PK3R 

8 

7 

8 

7 

4 

11 

4.17 

(Cut  off  correction) 

1PK3S  vs  1PK3R 

5 

7 

4 

1 

0 

0 

1.45 

P values  Critical  T values  (see  text) 


.01 

16.8 

.05 

12.6 

.10 

10.6 

.25 

7.8 

.50 

5.4 

Table  8 


Statistical  test  of  the  differences  between  the  curves  in  Figures  40-42. 
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at  the  given  P value  significance  level.  Otherwise,  is  accepted  as 
true,  the  differences  in  the  curves  being  explained  by  chance  happen- 
ings. 

This  last  section  looks  at  the  sensitivity  of  the  final  product 
broadband  weighting  curve  to  the  factors  that  are  most  important  to 
curve  parameter  retrieval,  temperature  and  humidity.  The  two  climato- 
logical profiles  (Tables  3 and  4)  are  assumed  to  be  correct  when  using 
the  retrieval  method,  i.e.  when  determining  C and  D values  and  when 
calculating  the  broadband  curves  from  the  retrieved  curve  shape  param- 
eters. However,  each  of  these  profiles  are  modified  to  produce  ’actual1 
cases . Temperature  and  humidity  at  each  level  in  the  climatological 
profiles  are  increased  or  decreased  by  a specified  percentage  to  pro- 
duce these  ’actual1  cases.  From  these  ’actual1  profiles  the  simulated 
satellite  radiances  are  calculated.  Finally,  the  broadband  weighting 
curve  retrieved  assuming  a climatological  atmosphere  (without  using 
CCRC)  when  an  ’actual’  profile  exists  is  compared  to  the  weighting 
curve  produced  directly  from  the  true  atmospheric  profile  and  ’true’ 
specified  cloud  distribution.  The  specified  cloud  profile  used  is 
called  1N24  and  it  represents  the  actual  24  hour  average  cloud  condi- 
tions for  the  B array  north  section  during  Phase  III  of  GATE  (see  Cox 
and  Griffith,  1978) . This  cloud  distribution  as  well  as  those  used 
in  Chapter  VI  and  the  Appendix  are  given  in  Table  9. 

Changing  the  profiles  has  the  following  general  effects.  In- 
creasing the  temperature  or  decreasing  the  humidity  in  the  profiles 
gives  radiance  values  higher  than  those  calculated  using  a climato- 
logical profile.  Likewise  given  specified  p ^ and  a values  the  radi- 
ances from  a climatological  profile  will  be  higher  than  those 
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Eff . 

Cld . 

225 

215 

185 

190 

190 

185 

240 

230 

200 

Top 

Spot 

Spot 

Spot 

Spot 

Spot 

Spot 

Spot 

Spot 

Spot 

Pres  . 

Flat  1 

BIM01 

1PK2 

1PK4 

1PK6 

1PK8 

Flats 

BIMOS 

1PK3S 

100 

5 

2 

5 

1 

1 

1 

4 

2 

2 

120 

5 

2 

5 

1 

1 

1 

4 

2 

2 

140 

5 

2 

5 

1 

1 

1 

4 

2 

2 

160 

5 

2 

5 

1 

1 

1 

4 

2 

2 

180 

5 

2 

5 

1 

1 

1 

4 

2 

2 

200 

5 

16 

20 

2 

1 

1 

6 

4 

5 

220 

5 

16 

20 

2 

1 

1 

6 

4 

5 

240 

5 

16 

20 

2 

1 

1 

5 

4 

5 

260 

5 

16 

20 

2 

1 

1 

6 

4 

5 

280 

5 

16 

20 

2 

1 

1 

6 

4 

5 

300 

5 

2 

5 

5 

1 

1 

6 

12 

15 

320 

5 

2 

5 

5 

1 

1 

7 

12 

15 

350 

5 

2 

5 

5 

1 

1 

6 

12 

15 

360 

5 

2 

5 

5 

1 

1 

7 

12 

15 

380 

5 

2 

5 

5 

1 

1 

6 

12 

15 

400 

5 

1 

2 

20 

2 

1 

6 

4 

6 

420 

5 

1 

2 

20 

2 

1 

5 

4 

6 

440 

5 

1 

2 

20 

2 

1 

5 

4 

6 

460 

5 

1 

2 

20 

2 

1 

5 

4 

6 

480 

5 

1 

2 

20 

2 

1 

5 

4 

6 

500 

5 

1 

1 

5 

5 

1 

5 

2 

4 

520 

5 

1 

1 

5 

5 

1 

5 

2 

4 

540 

5 

1 

1 

5 

5 

1 

5 

2 

4 

560 

5 

1 

1 

5 

5 

1 

6 

2 

4 

580 

5 

1 

1 

5 

5 

1 

5 

2 

4 

600 

5 

2 

1 

2 

20 

2 

4 

2 

2 

620 

5 

2 

1 

2 

20 

2 

5 

2 

2 

640 

5 

2 

1 

2 

20 

2 

5 

2 

2 

660 

5 

2 

1 

2 

20 

2 

4 

2 

2 

680 

5 

2 

1 

2 

20 

2 

5 

2 

2 

700 

5 

16 

1 

1 

5 

5 

5 

4 

2 

720 

5 

16 

1 

1 

5 

5 

6 

4 

2 

740 

5 

16 

1 

1 

5 

5 

6 

4 

2 

760 

5 

16 

1 

1 

5 

5 

5 

4 

2 

780 

5 

16 

1 

1 

5 

5 

6 

4 

2 

800 

5 

2 

1 

1 

2 

20 

5 

12 

2 

820 

5 

2 

1 

1 

2 

20 

5 

12 

2 

840 

5 

2 

1 

1 

2 

20 

5 

12 

2 

860 

5 

2 

1 

1 

2 

20 

5 

12 

2 

880 

5 

2 

1 

1 

2 

20 

5 

12 

2 

900 

5 

1 

1 

1 

1 

5 

7 

4 

2 

920 

5 

1 

1 

1 

1 

5 

6 

4 

2 

940 

5 

1 

1 

1 

1 

5 

6 

4 

2 

960 

5 

1 

1 

1 

1 

5 

6 

4 

2 

980 

5 

1 

1 

1 

1 

5 

6 

4 

2 

Table  9-  (Page  1) 
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Eff. 
Cld . 
Top 
Pres . 
(mb) 

215 

Spot 

BIM02 

210 

Spot 

BIM03 

190 

Spot 

1PK3 

190 

Spot 

1PK5 

190 

Spot 

1PK7 

165 

Spot 

1PK9 

215 

Spot 

1PK3M 

250 

Spot 

1N24 

100 

1 

1 

2 

1 

1 

1 

1 

1 

120 

1 

1 

2 

1 

1 

1 

1 

1 

140 

1 

1 

2 

1 

1 

1 

1 

1 

160 

1 

1 

2 

1 

1 

1 

1 

1 

180 

1 

1 

2 

1 

1 

1 

1 

1 

200 

2 

2 

5 

1 

1 

1 

1 

4 

220 

2 

2 

5 

1 

1 

1 

1 

4 

240 

2 

2 

5 

1 

1 

1 

1 

4 

260 

2 

2 

5 

1 

1 

1 

1 

4 

280 

2 

2 

5 

1 

1 

1 

1 

4 

300 

16 

16 

20 

2 

1 

1 

35 

4 

320 

16 

16 

20 

2 

1 

1 

35 

4 

340 

16 

16 

20 

2 

1 

1 

35 

5 

360 

16 

16 

20 

2 

1 

1 

35 

5 

380 

16 

16 

20 

2 

1 

1 

35 

5 

400 

2 

2 

5 

5 

1 

1 

1 

5 

420 

2 

2 

5 

5 

1 

1 

1 

5 

440 

2 

2 

5 

5 

1 

1 

1 

6 

460 

2 

2 

5 

5 

1 

1 

1 

5 

480 

2 

2 

5 

5 

1 

1 

1 

5 

500 

2 

16 

2 

20 

2 

1 

1 

5 

520 

2 

16 

2 

20 

2 

1 

1 

4 

540 

2 

16 

2 

20 

2 

1 

1 

4 

560 

2 

16 

2 

20 

2 

1 

1 

4 

580 

2 

16 

2 

20 

2 

1 

1 

4 

600 

16 

2 

1 

5 

5 

1 

1 

4 

620 

16 

2 

1 

5 

5 

1 

1 

4 

640 

16 

2 

1 

5 

5 

1 

1 

5 

660 

16 

2 

1 

5 

5 

1 

1 

5 

680 

16 

2 

1 

5 

5 

1 

1 

5 

700 

2 

1 

1 

2 

20 

2 

1 

5 

720 

2 

1 

1 

2 

20 

2 

1 

5 

740 

2 

1 

1 

2 

20 

2 

1 

5 

760 

2 

1 

1 

2 

20 

2 

1 

4 

780 

2 

1 

1 

2 

20 

2 

1 

4 

800 

1 

1 

1 

1 

5 

5 

1 

4 

820 

1 

1 

1 

1 

5 

5 

1 

4 

840 

1 

1 

1 

1 

5 

5 

1 

4 

860 

1 

1 

1 

1 

5 

5 

1 

5 

880 

1 

1 

1 

1 

5 

5 

1 

5 

900 

1 

1 

1 

1 

2 

20 

1 

5 

920 

1 

1 

1 

1 

2 

20 

1 

5 

940 

1 

1 

1 

1 

2 

20 

1 

5 

960 

1 

1 

1 

1 

2 

20 

1 

4 

980 

1 

1 

1 

1 

2 

20 

1 

64 

4 

Clear 

Table  9.  Model  effective  cloud  distributions  (frequency  of  occurrences) 
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calculated  using  cooler  or  moister  profiles.  In  general  then,  the 
values  retrieved  using  radiances  from  a warmer  or  drier  atmosphere  will 
be  a few  millibars  (20  - 40  mb  given  the  conditions  in  the  next  para- 
graphs) larger  (lower  in  the  atmosphere)  than  the  specified  value.  Just 
the  opposite  is  true  for  the  cooler  or  moister  case.  Typically,  re- 
trieved a values  remain  equal  or  slightly  smaller  than  the  specified 
a value . 

To  illustrate  the  findings.  Table  10  gives  the  results  of  this 
analysis  for  the  case  of  increasing  the  temperature  of  the  climato- 
logical profile  by  1%  at  each  level  and  for  the  case  of  increasing  the 
water  mixing  ratio  at  each  level  by  20%.  Results  for  both  tropical  and 
mid-latitude  cases  are  given. 

It  is  clear  that  for  these  cases  the  VIRES  index  (described  in  the 
next  chapter)  is  not  sensitive  to  these  reasonable  assumption  errors. 

The  small  T statistic  values  also  indicate  that  the  broadband  weighting 
curves  are  little  effected.  Looking  at  the  specified  and  retrieved 
effective  cloud  distributions  one  notices  good  agreement  for  the  high, 
middle  and  combined  low  and  clear  categories  but  poor  agreement  for  the 
low  and  clear  categories  taken  separately.  This  simply  supports  what 
has  already  been  said  concerning  poor  retrieval  capabilities  in  the  low 
troposphere.  It  also  shows  the  advantage  of  retrieving  the  VIRES  index. 

A qualifying  statement  is  in  order.  A more  severe  test  of  this 
retrieval  method  would  be  to  not  only  shift  the  temperature  and  humid- 
ity profiles  but  to  also  change  their  shape.  This  was  done  of  course, 
for  the  tests  in  Section  A.  Also,  a rather  flat  distribution  of  clouds 
with  some  clear  sky  is  a reasonable  test,  but  poorer  results  would  be 
expected  from  a sharper  (more  peaked)  distribution.  Different  shaped 


Profile  Case 

Atmosphere 

Mean  T 
100-1013  mb 

Precip.  ^0 

VIRES 

T 

°K 

cm 

Index 

Statistic 

Actual 

(+  20%  H20) 

Tropical 

263.2 

5.30 

270-460-680-0 

r\ 

Assume 

Climatology 

Tropical 

263.2 

4.42 

280-480-680-0 

u 

Actual 

(+  20%  H20) 

Mid.  Lat. 

261.7 

1.60 

280-500-780-.10 

2.48 

Assume 

Climatology 

Mid.  Lat. 

261.7 

1.34 

290-500-780-. 15 

Actual 

(+  1%  Temp) 

Tropical 

265.8 

4.42 

280-480-700-0 

0 

Assume 

Climatology 

Tropical 

263.2 

4.42 

290-490-700-0 

Actual 

(+  1%  Temp) 

Mid . Lat . 

264.3 

1.34 

290-500-800-.il 

4.73 

Assume 

Climatology 

Mid . Lat . 

261.7 

1.34 

300-520-810-.16 

SPECIFIED  CLOUD  DISTRIBUTION  IN  % 


High 

100-390  mb 

Middle 
400-690  mb 

Low  and  Clear 
Combined 
700-surface 

Low 

700-surface 

Clear 

Actual/Given  Trop.  and  Mid.  Lat. 

19.2 

28.0 

52.8 

27.2 

25.6 

Retrieved  with  + 20%  H^O  Trop. 

19.2 

31.9 

48.9 

13.5 

35.4 

Retrieved  with  + 20%  H20  Mid.  Lat. 

19.2 

28.0 

52.8 

19.1 

33.7 

Actual/Given  Trop.  and  Mid.  Lat. 

19.2 

28.0 

52.8 

27.2 

25.6 

Retrieved  with  + 1%  T Tropical 

16.3 

26.0 

56.7 

10.0 

46.7 

Retrieved  with  + 1%.  T Mid.  Lat. 

15.2 

28.0 

56.8 

18.0 

38.8 

Table  10.  Example  of  sensitivity  analysis  for  VIRES  index  and  specified  cloud  distribution  retrievals 
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effective  cloud  distributions  and  their  respective  VIRES  indexes  are 
examined  in  the  next  chapter. 

The  Appendix  has  a detailed  description  of  the  error  investigation 
as  well  as  a discussion  on  minimizing  the  errors.  For  example,  the 
use  of  CCRC  improves  the  accuracy  of  the  retrieval  over  using  pre- 
selected climatological  profiles  (Crutcher  and  Mesere,  1970;  Jenne 
et  al.  1974;  Smith  et  al.  1972).  Nevertheless,  the  true  strength  of 
this  climate  index  approach  is  that  radiation  information  is  used  to 
produce  an  index  directly  from  radiation  theory.  Thus,  the  error 
prone  process  of  inferring  standard  physical  meteorological  variables 


is  avoided. 


VI.  WEIGHTING  CURVES  AS  A CLIMATE  INDEX 


A first  step  in  developing  a climate  index  from  composite  weight- 
ing curves  is  to  find  an  objective  way  to  infer  from  the  curves  when 
there  are  different  types  of  VIRES  (indicators  of  climatological  cloudi- 
ness) . Section  A of  this  chapter  describes  a statistical  technique  and 
shows  that  it  is  a powerful  test  for  objectively  determining  when  two 
weighting  function  curves  and  thus  two  effective  cloud  top  distribu- 
tions are  different.  The  remainder  of  the  chapter  deals  with  developing 
and  using  a climate  index  based  on  the  retrieved  broadband  weighting 
function  curves. 

A.  Sign  Test  with  Fisher's  Method 

Utilizing  the  broadband  infrared  RTE  described  earlier,  the  weight- 
ing function  curves  are  computed  using  a finite  differencing  scheme 
which  provides  one  curve  value  every  20  mb  between  100  and  1000  mb. 

These  45  point  values  describe  the  weighting  function  in  the  part  of 
the  atmosphere  influenced  by  effective  clouds.  These  curves  quite 
obviously  represent  no  standard  statistical  distribution.  Therefore, 
when  comparing  two  broadband  weighting  function  curves  one  must  use 
non-pararaetric  statistics. 

Because  the  continuous  curve  is  computed  using  discrete  points, 
it  is  easy  to  compare  two  curves  by  pairing  their  respective  point 
values.  A non-parametric  statistical  test  may  then  be  used  to  test  the 
likeness  or  difference  of  the  paired  values.  Although  the  Wilcoxon 
Matched  Pair  Signed  Rank  Test  and  the  Kolomogorov  - Smirnov  Test  are 
sometimes  useful  in  such  cases,  the  simple  Sign  Test  gives  the  best 
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results  in  this  case.  The  following  is  a description  of  the  Sign  Test 
(Beyer,  1971). 

In  this  test,  observations  from  sample  x and  sample  y are  paired 

and  the  differences  are  calculated.  The  null  hypothesis  (HQ)  is  that 

the  difference  d.  has  a distribution  with  median  zero,  i.e.  the  true 
1 

proportion  of  positive  (negative)  signs  is  equal  to  P = ^*  The  proba- 
bility of  positive  (negative)  signs  is  given  by  the  binomial  probabil- 
ity function  f (x)  such  that 

l 1 n 

f(x)  = f (x;  n,  P = = (°)  (2)  , 


where  x is  either  the  number  of  positive  signs  or  negative  signs,  and 
n is  the  sum  of  positive  and  negative  signs.  The  probability  P±  of  the 
samples  being  the  same  (true  HQ)  given  x positive  (negative)  signs  is 
given  by  the  expression 


P . (x  < k)  = 2 [E  (“)  ] (h  , 

1 x=0  X Z 

where  P^x)  is  the  Sign  Test  Probability  Function  for  the  two-tailed 
case.  The  test  is  two-tailed  because  there  is  no  reason  to  expect  more 
positive  signs  than  negative  signs.  For  example,  if  k = 3 and  n = 15, 
the  probability  of  x being  three  or  less  (either  of  positive  or  nega- 
tive sign)  if  Hq  is  true  is  given  by  the  following  calculation. 

, _ r ,15.  ,15.  ,15.  ,15.  , ,1.^  _ 

P^  (x  <■  3)  = 2 [(q)  (]_)  (2)  ^3^^  ^2' 


.035156. 
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In  other  words,  1 - .035156  - .964844  is  the  probability  that  is 

false.  In  this  case  would  be  rejected  at  the  5%  level.  When  they 
occur,  zero  differences  are  excluded  because  they  contribute  no  in- 
formation for  deciding  whether  positive  or  negative  differences  are 
more  likely. 

To  evaluate  the  usefulness  of  the  Sign  Test  sixteen  effective 
cloud  top  distributions  are  specified.  Figure  15  and  Table  9 describe 
these  distributions  in  detail.  Note  that  three  of  these  distributions 
are  used  for  the  error  analysis  in  the  last  chapter  and  detailed  in  the 
Appendix.  The  specified  distributions  are  intended  to  represent  the 
type  of  observed  effective  cloud  top  distributions  illustrated  in  Fig- 
ure 16.  The  corresponding  infrared  broadband  weighting  function  curves 
for  these  sixteen  distributions  are  given  in  Figures  17-23  for  the 
tropical  atmosphere.  These  are  the  curves  we  wish  to  discriminate  be- 
tween. 

The  characteristic  shape  of  the  curves  in  Figures  17-23  result  in 
two  problems  when  using  the  Sign  Test.  First,  the  curves  exhibit  a 
characteristic  known  as  crossover.  When  comparing  two  curves  such  as 
FLATS  and  BIMOS,  or  FLATS  and  1PK3S  in  Figure  17,  one  notices  the 
curves  crossover  each  other  many  times  in  the  first  case  and  at  least 
once  in  the  second  case.  Because  the  curves  indicate  vertical  weight- 
ing and  total  weighting  changes  little  from  case  to  case,  the  curve 
that  shows  large  weighting  at  one  vertical  position  must  show  small 
compensating  weighting  at  another  point  in  the  vertical.  This  con- 
straint is  the  primary  cause  of  curve  crossovers.  The  crossover  effect 
reduces  the  ability  of  the  Sign  Test  to  discriminate  between  two  ob- 
viously different  curves.  This  is  clearly  seen  in  Figure  19.  1PK2 


Frequency  % Frequency  •/« 
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Effective  Cloud  Top  Categories  (mb)  Effective  Cloud  Top  Categories  (mb) 


Effective  Cloud  Top  Categories  (mb)  Effective  Cloud  Top  Categories  (mb) 


Figure  15.  Plots  of  effective  cloud  top  model  distributions 


Frequency  % Frequency  % 
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Effective  Cloud  Top  Categories  (mb)  Effective  Cloud  Top  Categories  (mb) 


A 


Figure  15  (Continued) 


Plots  of  effective  cloud  top  model  distribu- 
tions . 
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Figure  16.  Unpublished  figure  by  G.  G.  Campbell  showing  histograms 
(5°K  resolution,  16  cat.)  of  geosynchronous  satellite  IR 
window  radiance  temperatures  that  approximate  the  cloud 
top  distribution.  Each  histogram  represents  200  x 200  km 
area.  The  total  figure  represents  data  taken  on  16  Nov. 
1978  at  1500  L for  the  Pacific  Ocean  region  10°N  - 20°S 
latitude  and  235°E  - 265°E  longitude. 


NOTE:  The  length  of  the  x-axis  represents  a 50%  frequency  and  the 

y-axis  has  temperature  decreasing  up  the  axis. 


Figure  18.  Broadband  weighting 


Pressure  (mb) 


Pressure  (mb) 


Pressure  (mb) 


I PK  3 

I PK  3 M 

I PK  3 S 


normalized  d r/d  In  p 

Figure  22.  Broadband  weighting  curves  for  given  specified  distributions. 


Pressure  (mb) 
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and  1PK6  are  compared.  For  this  case  n = 45  and  x = 19.  The  Sign  Test 
cannot  reject  even  at  the  25%  level.  The  test  shows  that  there  is 
greater  than  1 chance  in  4 that  these  two  curves  are  the  same.  The 
crossover  effect  is  to  be  blamed  for  this  test  deficiency. 

The  crossover  effect  may  be  greatly  reduced  by  considering  the 
curves  in  three  equal  parts  of  15  pairs  each  instead  of  taken  as  a 
whole  (45  pairs).  The  curves  may  be  divided  into  three  physically 
distinct  parts.  This  division  parallels  the  well  known  high,  middle 
and  low  cloud  categories.  The  part  between  980  and  700  mb  represents 
the  lower  tropospheric  area  of  high  water  vapor  content  (approximately 
85%  of  the  total).  In  this  area  water  vapor  represents  an  important 
source  of  infrared  emission  as  illustrated  by  the  low  level  weighting 
function  peak  for  clear  sky  in  Figure  17.  From  380  to  100  mb  another 
naturally  occurring  clear  sky  weighting  function  peak  is  seen.  This  is 
also  the  area  of  cirrus  cloud  formation.  Since  ice  clouds  are  somewhat 
different  emittors  than  water  clouds  it  is  not  unreasonable  to  examine 
their  respective  influence  on  the  weighting  curves  separately.  Final- 
ly, the  680  to  400  mb  layer  is  found  between  the  two  layers  described 
above.  It  lacks  the  consistent  large  amount  of  water  vapor  and  the 
clear  sky  weighting  function  peaks.  It  is  also  true  that  the  emitting 
structure  within  these  three  divisions  are  for  the  most  part  determined 
using  different  pairs  of  spectral  radiative  values. 

Fisherfs  Method  of  Combining  Three  P Values  is  used  with  the  Sign 
Test  when  comparing  corresponding  pairs  from  two  curves  in  three  parts 
(Fisher,  1958).  Fisher  found  that  the  probability  function  distribu- 
tion of  - 2 times  the  sum  of  the  logarithms  of  m independent  P values 
is  Chi-Squared  with  2m  degrees  of  freedom.  Thus,  the  three  P statistic 
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values  are  distributed  as  Chi-Squared  with  6 degrees  of  freedom.  The 
calculation  of  the  T statistic  is  done  using  the  values  in  Table  11 
computed  from  the  following  equation, 

T = (-2)  [In  ?1  + In  P2  + In  P3]  ~ X2d  f = 

For  example,  if  In  P^  = -4.9,  In  P2  = -6.3,  and  In  P^  = -2.1  (see  Table 

2 

11),  the  T statistic  is  calculated  as  26.6.  Since  for  P = . 01,  Xg  = 
16.8,  one  would  reject  at  the  1%  level  (i.e.  less  than  1 chance  in 
100  that  the  two  samples  are  the  same  and  is  true) . The  critical 
T values  for  a specified  P level  are  given  in  Table  11. 

Table  12  gives  the  T statistic  for  the  different  curve  comparisons. 
By  considering  a critical  value  of  T = 10.6  (P  = 0.10),  Table  12  shows 
that  the  test  indicates  curve  differences  in  all  cases  except  one 
(BIM01  vs.  1PK3S) . Notice  also  that  the  test  says  FLAT1  vs.  FLATS  are 
different  curves  when  in  fact  they  are  nearly  identical.  These  two 
cases  point  up  the  second  drawback  of  this  test.  Although  the  test 
allows  for  zero  differences,  the  45  curve  point  pairs  never  give  an 
absolute  difference  value  of  zero  primarily  because  values  are  computed 
beyond  reasonable  significant  figures.  Therefore,  at  times  their  dif- 
ference is  very  small,  but  as  computed  for  Table  12  there  are  always  3 
sets  of  15  sign  values  calculated  with  no  zeros.  Notice  that  above 
100  mb  (Figures  17-20)  curve  points  are  identical  but  they  are  not  used 
in  the  Sign  Test. 

To  correct  this  deficiency,  when  the  difference  between  curve 
points  is  smaller  than  a specified  significance  level,  it  is  set  to 
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n 

= 15 

n = 

14 

n = 

13 

X 

In? 

X 

InP 

X 

InP 

0 

-9.7040605 

0 

-9.010913 

0 

-8.31777 

1 

-6.99601 

1 

-6.302863 

l 

-5.67871 

2 

-4.90827 

2 

-4.35695 

2 

-3.79598 

3 

-3.34795 

3 

-2.8603106 

3 

-2.38287 

4 

-2.13310 

4 

-1.717896 

4 

-1.32108 

5 

-1.198131 

5 

- .85843 

5 

- .5429104 

6 

- .49883 

6 

- .23521 

6 

0 

7 

0 

7 

0 

n 

= 12 

n = 

11 

n = 

10 

0 

-7.62462 

0 

-6.93147 

0 

-6.2383 

1 

-5.05967 

1 

-4.4466 

1 

-3.84043 

2 

-3.255171 

2 

-2.72678 

2 

-2.2197 

3 

-1.92418 

3 

-1.4847 

3 

-1.06784 

4 

- .947536 

4 

- .59997 

4 

- .28248 

5 

- .255649 

5 

0 

5 

0 

6 

0 

n 

= 9 

n ■ = 

8 

n = 

7 

0 

-5.54518 

0 

-4.8520 

0 

-4.1589 

1 

-3.2426 

1 

-2.6548 

1 

-2.0794 

2 

-1.71654 

2 

-1.2411 

2 

- .79159 

3 

- .67764 

3 

- .31943 

3 

0 

4 

0 

n 

= 6 

n = 

5 

n = 

4 

0 

-3.46574 

0 

-2.7726 

0 

-2.07944 

1 

-1.5198 

1 

- .9808 

1 

- .4700 

2 

- .3747 

2 

0 

2 

0 

3 

0 

n 

= 3 

n = 

2 

n = 

1 

0 

-1.3863 

0 

- .6931 

0 

0 

1 

0 

0 

Table  11.  The  logarithm  of  Sign  Test  probabilities  for  given  n and  x 
values . 
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DISTRIBUTIONS 

100  - 
Pos . 

380  mb 
Neg. 

SIGN 

400  - 
Pos . 

TEST 

- 680  mb 
Neg. 

700  - 
Pos . 

980  mb 
Neg. 

T-statistic 

FLATS  vs.  BIMOS 

10 

5 

12 

3 

4 

11 

13.4 

FLATS  vs.  BIM01 

10 

5 

15 

0 

8 

7 

21.8 

FLATS  vs.  1PK3S 

6 

9 

10 

5 

15 

0 

22.8 

FLAT1  vs . FLATS 

6 

9 

12 

3 

1 

14 

21.7  + 

FLAT1  vs.  BIMOS 

10 

5 

12 

3 

4 

11 

13.4 

FLAT1  vs.  BIM01 

10 

5 

15 

0 

8 

7 

21.8 

FLAT1  vs.  1PK2 

4 

11 

15 

0 

15 

0 

43.1 

FLAT1  vs.  1PK3S 

5 

10 

11 

4 

15 

0 

26.1 

FLAT1  vs.  1PK4 

10 

5 

6 

9 

15 

0 

22.8 

FLAT1  vs.  1PK6 

15 

0 

5 

10 

12 

3 

28.5 

FLAT1  vs.  1PK8 

15 

0 

12 

3 

14 

1 

40.1 

BIM01  vs.  BIMOS 

5 

10 

13 

2 

9 

6 

13.2 

BIM01  vs.  1PK2 

2 

13 

15 

0 

10 

5 

31.6 

BIM01  vs.  1PK3S 

5 

10 

4 

11 

9 

6 

7.7  + 

BIM01  vs.  1PK4 

10 

5 

3 

12 

15 

0 

28.5 

BIM01  vs.  1PK6 

11 

4 

0 

15 

13 

2 

33.5 

BIM01  vs.  1PK8 

11 

4 

0 

15 

0 

15 

43.1 

1PK2  vs.  1PK3S 

10 

5 

0 

15 

3 

12 

28.5 

1PK2  vs.  1PK4 

11 

4 

0 

15 

14 

1 

37.7 

1PK2  vs.  1PK6 

13 

2 

0 

15 

6 

9 

30.2 

1PK2  vs.  1PK8 

13 

2 

0 

15 

0 

15 

48.6 

1PK3S  vs.  1PK4 

15 

0 

3 

12 

15 

0 

45.5 

1PK3S  vs.  1PK6 

15 

0 

5 

10 

7 

8 

21.8 

1PK3S  vs.  1PK8 

15 

0 

6 

9 

0 

15 

40.1 

1PK4  vs.  1PK6 

10 

5 

8 

7 

14 

1 

16.4 

1PK4  vs.  1PK8 

10 

5 

9 

6 

0 

15 

22.8 

1PK6  vs.  1PK8 

0 

15 

15 

0 

1 

14 

52.8 

+ referred  to  in  the  text 

Table  12.  Sign  Test  results  without  zero  cutoff  correction. 
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zero.  Figure  18  illustrates  the  small  differences  between  curves  BIM01 
and  1PK3  below  850  mb.  These  differences  are  set  to  zero.  We  refer  to 
this  procedure  as  zero  cutoff  correction.  Table  13  which  includes  more 
curve  comparisons  than  Table  12  gives  the  T values  with  this  correction 
applied.  Notice  that  most  of  the  change  occurs  in  the  700-980  mb  group. 
Also  notice  that  BIM01  and  1PK3S  now  pass  the  test  for  being  different 
while  FLATS  and  FLAT1  as  well  as  1PK8  and  1PK9  have  small  T values  that 
indicate  likeness.  It  is  also  instructive  to  note  that  the  test  does 
not  catch  the  difference  between  FLAT1  and  BIMOS  at  the  P = 5%  level 
but  it  does  at  the  P = 10%  level.  As  Figure  15  illustrates,  BIMOS  re- 
presents a flatter  bimodal  effective  cloud  top  distribution  than  BIM01 
which  explains  why  FLAT1  and  BIM01  are  judged  to  be  different. 

From  the  P values  given  in  Table  8 it  is  clear  that  T values 
greater  than  about  10  represent  rejection  of  the  null  hypothesis. 

Curves  with  smaller  T values  indicate  acceptance  of  H^:  the  curves  are 

the  same.  Referring  to  Table  13,  values  of  T greater  than  10  indicate 
unlike  curves.  Of  the  48  combinations  of  curve  pairings  only  6 cases 
resulted  in  T values  where  Hq  cannot  be  rejected  at  the  5%  level  (two 
cases  are  mentioned  above).  In  two  of  these  cases  (BIM02  vs.  BIM03  and 
1PK3  vs.  1PK3M)  the  effective  cloud  top  distributions  are  nearly  the 
same,  explaining  the  statistical  results.  In  the  other  two  cases 
(BIM01  vs.  1PK3  and  1PK8  vs.  1PK7)  the  large  amount  of  water  vapor  in 
the  lower  troposphere  effectively  acts  as  a radiating  surface  resulting 
in  broadband  weighting  curve  pairs  that  are  quite  similar,  yet  repre- 
sent different  effective  cloud  top  distributions. 

Two  other  points  can  be  made  from  Table  13.  The  test  is  able  to 
distinguish  between  two  slightly  different  distributions  peaking  at 
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DISTRIBUTIONS 

100  - 
Pos . 

380  mb 
Neg. 

SIGN 
400  - 
Pos . 

TEST 
■ 680  mb 
Neg. 

700  - 
Pos . 

980  nib 
Neg. 

T-statistic 

FLATS  vs 

. BIMOS 

9 

5 

10 

2 

0 

5 

13.8 

FLATS  vs 

. 1PK3S 

5 

6 

8 

4 

11 

0 

15.8 

FLATS  vs 

. BIMOl 

10 

5 

13 

0 

3 

6 

20.4 

FLAT1  vs 

. FLATS 

5 

3 

0 

0 

0 

0 

0.6  + 

FLAT1  vs 

. BIMOS 

7 

5 

11 

3 

0 

5 

11.3  + 

FLATl  vs 

. 1PK3S 

5 

8 

9 

4 

10 

0 

16.2 

FLAT1  vs 

. 1PK2 

3 

11 

15 

0 

11 

0 

39.0 

FLATl  vs 

. 1PK3 

5 

9 

11 

3 

12 

0 

22.7 

FLATl  vs 

. 1PK4 

10 

5 

6 

9 

12 

0 

18.6 

FLATl  vs 

. 1PK5 

13 

0 

1 

12 

12 

0 

43.2 

FLATl  vs 

. 1PK6 

13 

0 

2 

9 

7 

3 

24.2 

FLATl  vs 

. 1PK8 

13 

0 

8 

2 

12 

0 

36.3 

FLATl  vs 

. BIMOl 

10 

5 

14 

0 

3 

6 

20.4  + 

FLATl  vs 

. BIM02 

10 

5 

7 

7 

10 

1 

11.3 

BIM01  vs 

. BIMOS 

5 

5 

9 

0 

6 

5 

11.1 

BIM01  vs 

. BIM02 

10 

5 

0 

10 

7 

0 

23.2 

BIM01  vs 

. BIM03 

10 

5 

2 

12 

8 

0 

20.8 

BIM02  vs 

. BIM03 

0 

0 

3 

6 

4 

0 

5.5  + 

BIM01  vs 

. 1PK2 

0 

13 

11 

0 

8 

0 

40.2 

BIMOl  vs 

. 1PK3 

5 

5 

6 

6 

8 

0 

9.7  + 

BIM01  vs 

. 1PK4 

10 

5 

3 

10 

8 

0 

16.9 

BIMOl  vs 

. 1PK5 

10 

4 

1 

14 

8 

0 

27.1 

BIMOl  vs 

. 1PK6 

11 

3 

0 

15 

6 

2 

27.6 

BIMOl  vs 

. 1PK8 

11 

3 

0 

15 

0 

13 

41.8 

1PK2  vs. 

1PK3 

10 

5 

0 

9 

0 

0 

13.5 

1PK2  vs . 

1PK4 

10 

4 

0 

14 

0 

0 

21.5 

1PK2  vs. 

1PK5 

12 

2 

0 

15 

0 

2 

29.5 

1PK2  vs . 

1PK6 

12 

2 

0 

15 

0 

6 

35.1 

1PK2  vs. 

1PK8 

12 

2 

0 

15 

0 

13 

44.8 

Table  13.  (Page  1) 
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DISTRIBUTIONS 

100  - 
Pos . 

380  mb 
Neg. 

SIGN 
400  - 
Pos . 

TEST 
■ 680  mb 
Neg. 

700  - 
Pos. 

980  mb 
Neg. 

T-statistic 

1PK3  vs. 

1PK4 

15 

0 

0 

13 

0 

0 

36.0 

1PK3  vs. 

1PK5 

15 

0 

3 

12 

0 

3 

28.9 

1PK3  vs. 

1PK6 

15 

0 

4 

11 

0 

7 

32.0 

1PK3  vs. 

1PK8 

15 

0 

4 

10 

0 

13 

39.5 

1PK4  vs . 

1PK5 

10 

0 

6 

9 

0 

3 

16.2 

1PK4  vs. 

1PK6 

10 

0 

8 

6 

0 

7 

21.3 

1PK4  vs . 

1PK8 

10 

0 

9 

5 

0 

13 

30.8 

1PK5  vs. 

1PK6 

3 

0 

11 

4 

0 

7 

15.4 

1PK5  vs. 

1PK8 

3 

0 

13 

2 

0 

13 

29.2 

1PK6  vs. 

1PK7 

0 

0 

11 

0 

0 

10 

26.3 

1PK6  vs. 

1PK8 

0 

0 

11 

0 

1 

12 

25.2 

1PK8  vs. 

1PK7 

0 

0 

0 

5 

8 

5 

6.6  + 

1PK8  vs. 

1PK9 

0 

0 

0 

0 

4 

5 

0.0  + 

1PK3  vs. 

1PK3S 

5 

0 

2 

11 

0 

4 

17.3  + 

1PK3  vs . 

1PK3M 

10 

5 

8 

2 

0 

0 

6.8  + 

1PK3S  vs 

. 1PK3M 

10 

5 

12 

2 

6 

0 

18.0  + 

BIM01  vs 

. 1PK3S 

5 

5 

3 

10 

8 

0 

14.5  + 

1PK3  vs. 

1/2PK3 

15 

0 

4 

9 

0 

15 

41.5  + 

1PK5  vs. 

1/2PK5 

3 

0 

13 

2 

0 

15 

32.0  + 

4-  Referred  to  in  text 


Table  13.  Sign  Test  with  zero  cutoff  correction 
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the  same  level.  For  example,  consider  the  cases  1PK3  vs.  1PK3S  and 
1PK3S  vs.  1PK3M.  Table  9 gives  the  cloud  frequency  distribution  for 
these  two  similar  cases  of  a single  peak  within  the  300  mb  category. 

The  1PK3  vs.  1PK3S  case  represents  only  a 15%  cloud  amount  difference 
in  the  300  mb  category.  It  is  also  clear  that  the  test  is  most  sensi- 
tive when  total  300  mb  category  cloud  amounts  are  less  than  50%. 
Secondly,  the  test  can  distinguish  between  two  cases  where  the  effec- 
tive cloud  top  distribution  is  the  same  but  the  proportion  of  clear 
versus  cloudy  varies.  For  example,  1PK3  represents  an  overcast  case 
whereas  *—  PK3  represents  ^ clear  sky.  The  test  is  also  done  using 
1PK5  and  ~ PK5.  In  summary  these  results  show  that  the  statistical 
test  is  capable  of  distinguishing  between  VIRES  curves  representing 
either  cloud  distribution  shifts  in  the  vertical  or  in  total  amount. 

It  is  successful  in  about  90%  or  more  of  all  cases  at  the  95%  confi- 
dence level. 

The  zero  cutoff  correction  requires  further  explanation.  The 
small  difference  value  is  considered  zero  when  the  difference  is  less 
than  a specified  constant.  This  constant  is  5%  of  the  average  maximum 
point  value  of  all  points  between  100  and  980  mb  for  all  the  weighting 
curves  plotted.  In  reference  to  Figures  40-43,  this  is  approximately 
a distance  of  .02  on  the  X-axis. 

B.  Form  of  the  proposed  climate  index 

Because  the  climate  index  proposed  in  this  paper  is  an  indicator 
of  climatological  cloudiness,  it  is  instructive  to  review  the  status 
and  nature  of  current  global  cloud  climatologies.  As  mentioned  earlier 
good  cloud  climatologies  are  especially  needed  for  climate  modeling  and 
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climate  monitoring.  The  VIRES  climate  index  would  be  in  direct  compe- 
tition with  standard  cloud  climatologies  to  fill  certain  of  these  re- 
quirements. Therefore,  a short  review  of  the  standard  approach  follows. 
A more  detailed  synopsis  of  the  currently  available  cloud  climatologies 
is  given  in  two  reports,  one  by  Suomi  et  al.  (1977)  and  another  by 
Smith  (1978). 

The  most  widely  used  surface  based  observational  data  set  seems 
to  be  that  of  Telegados  and  London  (1954) . Three  dimensional  distribu- 
tion of  clouds  are  given  for  the  Northern  Hemisphere.  However,  the 
spatial  resolution  of  cloudiness  is  poor  and  as  a consequence  even  the 
mean  zonal  cloudiness  values  given  are  of  questionable  accuracy. 

Climatologies  of  clouds  from  a combination  of  ground  and  satellite 
sources  are  given  by  Sherr  et  al.  (1968)  and  by  Fye  (1978).  The  latter 
reference  describes  the  U.S.  Air  Force's  three  dimensional  nephanalysis 
model.  Both  sets  of  climatologies  suffer  from  the  lack  of  spatial  and 
temporal  homogeneity  in  the  quality  of  the  compiled  data.  Nevertheless 
both  climatologies  represent  global  coverage  and  have  three  dimensional 
cloud  fields.  Furthermore,  the  Air  Force's  data  base  is  continually 
being  added  to. 

The  longest  uniform  time-series  of  cloud  satellite  data  are  in  the 
form  of  visible  wavelength  brightness  values.  From  brightness  values 
total  cloud  amount  is  inferred.  Such  climatologies  are  given  by  Sadler 
(1969),  Sadler  et  al.  (1976),  Miller  and  Feddes  (1971),  and  Environ- 
mental Satellite  Imagery  (1975-1976).  Steiner  (1978)  summarized  the 
Sadler  et  al.  data,  and  Avaste  et  al.  (1979)  attempted  to  compare  and 
combine  all  the  brightness  derived  cloud  climatologies  given  above. 
Avaste  found  that  the  main  limitation  of  this  data  is  its 
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non-comparability  and  lack  of  accuracy.  There  is  also  no  cloud  height 
information.  This  last  drawback  almost  eliminates  climate  and  cloud 
modeling  applications. 

Inferences  of  clouds  from  satellite  data  using  other  methods  (see 
Chapter  II)  have  been  limited  to  brief  periods  and  usually  less  than 
global  coverage.  Although  most  methods  strive  for  three  dimensional 
information,  they  suffer  from  a lack  of  accuracy  mainly  due  to  errors 
in  retrieval  technique  assumptions.  As  mentioned  earlier,  all  the 
approaches  use  standard  cloud  classification.  Some  reduce  the  classi- 
fication to  3 heights  (low,  middle  and  high)  and  5 fractional  cate- 
gories, while  others  use  more  elaborate  classifications  in  an  attempt 
to  be  more  descriptive.  Against  this  background  the  proposed  VIRES 
climate  index  will  be  discussed. 

Figures  17-23  show  the  final  composite  form  of  the  infrared  broad- 
band weighting  functions  for  16  different  distributions  of  cloudiness 
for  the  typical  tropical  atmosphere.  Because  it  is  too  awkward  to  use 
the  whole  curve  for  purposes  of  an  index,  a simpler  approach  is  needed. 
Of  course  the  two  curve  shape  parameters  define  the  curve  for  a single 
case  situation,  but  they  will  not  define  the  curve  for  the  composite 
case.  Besides  being  simple,  the  index  should  be  unique  or  nearly  so 
for  a given  cloud  distribution. 

After  much  searching  an  index  containing  four  parameters  was 
found  to  be  suitable.  The  first  parameter  of  the  index  represents  the 
level  of  the  atmosphere  above  which  25%  of  the  energy  emitted  to  space 
originates . Likewise  the  next  two  parameters  represent  the  50%  and 
75%  levels.  The  fourth  number  represents  the  percentage  energy  escap- 
ing to  space  from  the  surface.  The  approach  described  above  can  be 
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illustrated  using  the  following  equation: 

0 

/ otA  AJf  d lnp 

pi 


where  L 1 is  the  broadband  infrared  radiance  measured  at  satellite 
sat 

level,  p.  is  one  of  the  first  three  VIRES  index  numbers,  and  i is  .25, 

l 

.50  and  .75.  Of  course  other  i values  may  be  chosen  to  define  another 
index. 

Table  14  gives  the  calculated  index  values  for  25  atmospheric 
VIRES  using  a tropical  and  mid-latitude  profile  atmosphere.  The  atmos- 
pheric levels  specified  in  the  index  are  in  mb.  For  reference  purposes 
Table  15  gives  the  conversion  from  mb  to  meters.  The  RTE  model  used 
produced  index  values  to  the  nearest  10  mb.  Table  14  shows  no  surface 
emission  from  the  surface  in  the  tropical  case  due  to  water  vapor  dia- 
meter absorption  and  approximations  used  in  the  RTE  model.  However, 
ideally  a small  amount  of  surface  emission  would  be  expected. 

Index  values  given  in  Table  14  show  that  weighting  curves  that  are 
nearly  identical  give  identical  indexes  (i.e.  FLATS  and  FLATR,  BIMOS 
and  BIMOR,  1PK3S  and  1PK3R) . Specified  cloud  distributions  in  the  two 
different  atmospheres  give  the  same  index  at  high  levels  (i.e.  1PK3) 
but  a somewhat  different  index  at  lower  atmospheric  levels  (i.e.  1PK8) 
due  primarily  to  the  fact  that  low  level  water  vapor  contributes  to  the 
atmospheric  VIRES.  Notice  that  low  clouds  (1PK7,  1PK8,  1PK9)  have 
nearly  the  same  index  in  the  tropical  case  where  low  level  water  vapor 
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Effective  Cloud  TROPCIAL  ATMOSPHERE  MID-LAT.  SUMMER  ATM. 


Distribution 

25% 

50% 

75% 

Sfc  % 

25% 

50% 

75% 

Sfc 

FLATS 

250 

430 

650 

0 

250 

450 

690 

i 

FLATR 

250 

430 

650 

0 

250 

450 

690 

5 

FLATR* 

250 

430 

650 

0 

250 

450 

690 

6 

FLAT1 

250 

430 

650 

0 

250 

450 

690 

1 

BIMOS 

270 

410 

670 

0 

270 

430 

750 

0 

BIMOR 

270 

410 

670 

0 

270 

430 

750 

6 

BIM01 

230 

370 

690 

0 

230 

370 

730 

1 

BIM02 

290 

390 

630 

0 

290 

390 

630 

0 

BIM03 

270 

390 

550 

0 

270 

390 

550 

0 

1PK3S 

250 

350 

510 

0 

250 

350 

510 

0 

LPK3R 

250 

350 

510 

0 

250 

350 

510 

4 

1PK2 

190 

270 

390 

0 

190 

270 

390 

3 

1PK3 

230 

330 

430 

0 

230 

330 

430 

0 + 

1PK4 

270 

430 

510 

0 

270 

430 

510 

0 

1PK5 

290 

490 

590 

0 

310 

510 

590 

0 

1PK6 

310 

550 

670 

0 

310 

570 

690 

0 

1PK7 

310 

570 

730 

0 

330 

610 

770 

0 + 

1PK8 

310 

590 

750 

0 

330 

630 

850 

0 + 

1PK9 

310 

590 

750 

0 

330 

650 

910 

0 + 

CLEAR 

350 

650 

790 

0 

370 

790 

- 

37 

FLAT1 

290 

530 

730 

0 

310 

570 

950 

21 

BIM01 

270 

530 

730 

0 

270 

590 

930 

21 

1PK3 

290 

430 

710 

0 

290 

450 

930 

12  + 

1PK5 

310 

530 

710 

0 

330 

550 

890 

20 

1PK7 

330 

610 

750 

0 

330 

670 

890 

19 

+ Referred  to  in  the  text 


Table  14.  Proposed  VIRES  climate  index. 
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Table  15.  Pressure  to  Height  Conversion. 


Pressure 

mb 

Mid.  Lat. 
Atm.  (m) 

Tropical 
Atm.  (m) 

110 

16280 

16330 

130 

15150 

15200 

150 

14150 

14230 

170 

13330 

13430 

190 

12600 

12710 

210 

11930 

12050 

230 

11340 

11450 

250 

10780 

10880 

270 

10260 

10360 

290 

9760 

9860 

310 

9290 

9390 

330 

8850 

8940 

350 

8430 

8510 

370 

8030 

8120 

390 

7640 

7720 

410 

7270 

7351 

430 

6920 

6990 

450 

6570 

6650 

470 

6240 

6320 

490 

5930 

6000 

510 

5620 

5690 

530 

5320 

5390 

550 

5030 

5090 

570 

4750 

4810 

590 

4480 

4540 

610 

4210 

4270 

630 

3960 

4010 

650 

3710 

3750 

670 

3460 

3510 

690 

3220 

3260 

710 

3000 

3030 

730 

2760 

2800 

750 

2540 

2570 

770 

2320 

2350 

790 

2110 

2130 

810 

1900 

1920 

830 

1690 

1720 

850 

1490 

1520 

870 

1300 

1320 

890 

1110 

1120 

910 

917 

933 

930 

732 

745 

950 

550 

561 

970 

372 

379 

990 

197 

201 

1007 

55 

56 
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emits  like  a cloud.  This  is  not  true  for  the  mid-latitude  case  where 
low  level  water  vapor  does  not  contribute  much  to  the  atmospheric 
VIRES.  Also  notice  that  similar  distributions  of  clouds  but  with  a 
different  percentage  of  clear  sky  have  different  indexes  (i.e.  clear 
1PK3  vs.  1PK3) . 

In  general  the  VIRES  climate  index  outlined  above  may  be  consider- 
ed an  appropriate  and  accurate  atmospheric  descriptor.  The  parameters 
in  the  index  indicate  the  vertical  source  of  emitted  earth-atmospheric 
energy.  The  index  is  especially  compatible  with  the  original  satel- 
lite data  resulting  in  minimal  anticipated  errors.  The  analysis  shows 
the  index  has  the  desired  uniqueness  characteristic  while  at  the  same 
time  remaining  straightforwardly  simple. 

Of  course  one  could  consider  it  a drawback  that  the  index  is  not 
compatible  with  standard  measures  of  cloudiness.  However,  the  index 
is  meant  to  be  closely  related  to  the  radiative  measurements.  Clouds 
are  thought  of  as  simply  one  constituent  (albeit  the  most  important) 
of  the  atmospheric  VIRES.  Furthermore  real  physical  clouds  are  never 
considered  at  all.  Only  the  equivalent  radiative  effects  of  specified 
clouds  are  taken  into  account.  This  approach  avoids  many  difficulties 
while  at  the  same  time  providing  information  that  may  be  used  for 
climate  monitoring  and  for  calibration  and  parameterization  of  radia- 
tive calculations  in  climate  models  (the  topic  of  Chapter  VII) . The 
next  section  discusses  possible  specifications  for  index  use. 

C . Climate  index  specifications 

The  climate  index  described  in  this  paper  will  be  used  similar  to 
a cloud  climatology.  It  should,  therefore,  have  some  of  the  same 
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characteristics.  Smith  (1978)  suggests  that  for  purposes  of  param- 
eterization of  cloudiness  and  radiation  in  climate  models,  cloud 
climatologies  should  have  global  coverage  with  a space  resolution  of 
250  km  2%°  Lat.  by  2%°  Long.)  and  a time  resolution  of  4 hours.  Re- 
search by  Avaste  et  al.  (1979)  suggests  that  for  climate  monitoring 
purposes  the  space  resolution  be  500  km  (-  5°  Lat.  by  5°  Long.)  and 
time  resolution  be  monthly.  A weekly  specified  time  resolution  has 
been  suggested  by  the  U.S.  Committee  for  GARP  (1975).  Before  specify- 
ing time  and  space  resolution  for  the  proposed  climate  index  let  us 
consider  satellite  data  collection  limitations. 

Present  operational  and  experimental  sun-synchronous  weather 
satellites  carry  infrared  radiometers  that  have  nadir  resolutions  of 
at  least  30  km.  Similar  radiometers  for  geosynchronous  satellites 
will  have  comparable  resolution.  Therefore,  compiling  a VIRES  index 
climatology  with  useful  space  resolution  seems  feasible.  However,  the 
global  coverage  requirement  is  harder  to  meet  when  combined  with  the 
time  resolution  demand. 

Satellites  such  as  NIMBUS  and  TIROS  are  in  sun- synchronous  orbits 
and  only  make  observations  over  any  single  earth  location  twice  a day 
at  the  same  times  everyday  although  the  whole  globe  is  covered.  Be- 
cause of  diurnal  cloudiness  variations,  twice  a day  observations  give 
biased  results  (Harrison  et  al.  1978,  1980).  On  the  other  hand,  geo- 
synchronous satellites  make  observations  at  all  hours  but  in  general 
can  effectively  view  only  between  60°N  and  60° S latitude  and  about  120° 
of  longitude.  More  complete  coverage  can  be  achieved  by  observing 
nearly  all  the  low  and  middle  latitudes  at  each  hour  by  adding  a satel- 
lite with  a mid-inclined  orbit  which  precesses  (Harrison  et  al.  1978). 
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A good  discussion  concerning  optimizing  satellite  observations  is  given 
by  Campbell  and  Vonder  Haar  (1978).  Nevertheless,  it  is  clear  that  no 
one  type  of  satellite  offers  both  the  ideal  spatial  coverage  and  ideal 
temporal  resolution. 

Remembering  this  limitation,  one  should  consider  the  importance  of 
cloud  classification.  Sherr  et  al.  (1968)  proposed  29  different  cloud 
climatological  regions  globally.  These  regions  were  based  primarily 
on  seasonal  distributions  of  mean  monthly  cloud  cover.  Also  considered 
were  annual  cloud  distributions,  area  precipitation  distributions,  and 
different  climate  classification  schemes . Most  regions  were  repeated 
two  or  more  times  throughout  the  world.  Some  of  Sherr* s typical  region 
descriptions  are;  tropical  cloudy,  desert  marine,  mid- latitude  clear 
summer,  high  latitude  clear  winter,  mediterranean  and  polar.  A simi- 
lar cloud  classification  scheme  is  given  by  Winston  (1969). 

By  considering  cloudiness  regions  instead  of  strictly  global 
measurements  one  might  for  instance  actually  have  a more  sensitive 
measure  for  the  purpose  of  climate  monitoring.  Applications  of  the 
climate  modeling  type  might  also  be  stronger  on  a regional  basis. 
Consequently,  global  coverage  seems  to  be  of  secondary  importance. 

Thus,  one  would  expect  a climate  index  derived  from  geosynchronous 
satellite  data  to  be  the  basis  of  a good  climatology  except  where  total 
global  coverage  is  required.  Sun-synchronous  satellites  could  provide 
additional  information  if  the  time  bias  problem  is  avoided. 

From  this  discussion  one  may  conclude  that  the  best  approach  is 
to  take  the  geostationary  satellite  information  available  and  average 
it  to  a 250  km  space  resolution  and  4 hour  time  resolution.  From 
these  values  longer  time  and  larger  space  scale  values  can  be  obtained 


90 


with  emphasis  on  weekly  regional  averages.  Of  course  there  should  be 
an  attempt  to  use  sun-synchronous  satellite  data  to  complete  the  global 
picture . 

Related  to  the  time  resolution  problem  is  the  problem  of  instru- 
ment continunity  through  time.  In  other  words,  how  do  we  keep  the 
satellite  instrument  absolutely  calibrated?  Without  the  absolute  cal- 
ibration it  becomes  necessary  to  intercompare  instruments  from  dif- 
ferent satellites  for  the  purpose  of  obtaining  a homogeneous  data  set. 
It  is  also  necessary  to  detect  and  correct  changes  in  a specific  in- 
strument over  time.  Of  course  intercomparisons  would  be  useful  as  a 
second  check  even  with  absolute  calibration.  The  proposed  Space 
Shuttle  may  offer  the  means  of  intercomparing  instruments,  although 
for  now  such  a process  is  impossible  (COSPAR,  1978b).  Also,  a common 
ground  base  laboratory  test  facility  for  all  satellite  instruments 
would  provide  a chance  to  uncover  systematic  differences. 

Calibrating  radiation  instruments  in  any  absolute  sense  is  very 
difficult  if  not  impossible  (COSPAR,  1978b)  especially  for  SW  sensors. 
Calibration  targets  such  as  black  bodies  are  sometimes  used  success- 
fully for  IR  instruments.  One  may  also  use  a transfer  technique;  ob- 
serve the  same  target  at  the  same  time  with  two  different  instruments 
whose  output  can  be  compared.  If  one  of  the  instruments  has  a trusted 
calibration  then  the  other  one  may  be  calibrated.  Another  approach  is 
to  convert  radiant  energy  into  heat  energy  using  a known,  stable  pro- 
cess. The  advantage  here  is  that  the  efficiency  of  this  conversion  as 
a function  of  temperature  can  be  determined  independently  and  therefore 
'known*  calibration  sources  are  not  needed.  Lastly,  it  can  be  said 
that  the  nature  of  radiation  (e.g.  its  amplitude,  wavelength. 


interference  and  diffraction  effects,  and  polarization)  makes  calibra- 
tion of  radiometers  a complex  operation  with  many  uncertainties,  es- 
pecially for  SW  instruments.  Fortunately,  the  more  easily  calibrated 
IR  sensitive  radiometers  are  used  to  derive  the  VIRES  index. 


VII.  POSSIBLE  APPLICATIONS  OF  A SATELLITE  DERIVED  CLOUDINESS  INDEX 


Most  of  the  cloud  retrieval  methods  mentioned  in  Chapter  II  have 
been  developed  with  the  idea  that  deducing  global  cloud  climatology  in- 
formation from  satellite  data  is  desirable.  Most  have  tried  to  conform 
with  classical  ground  observational  definitions  of  clouds.  The  present 
research  suggests  that  a more  realistic  and  progressive  point  of  view 
is  to  consider  clouds  in  light  of  their  radiative  properties.  After 
all ? counting  and  typing  individual  clouds  on  a global  climatological 
basis  is  probably  an  impossible  task,  and  the  results  of  such  a census 
may  not  provide  the  best  information  for  the  application.  Therefore,  a 
climatic  index  that  represents  cloudiness  by  means  of  the  infrared 
broadband  weighting  function  is  proposed.  How  might  such  an  index  be 
used?  Perhaps  the  two  most  important  applications  for  such  a climato- 
logical index  are  in  the  areas  of  climate  modelling  and  climate  moni- 
toring (Smith,  1978). 

A quote  from  GARP  Publication  16  (Stockholm,  1974)  relates  the 
importance  between  climatic  processes  of  clouds  and  their  radiative 
effects:  "...  proper  treatment  of  radiative  effects  of  clouds  is  the 

single  most  important  factor  in  the  overall  parameterization  of  radia- 
tion in  a climate  model".  However,  proper  treatment  of  clouds  is 
difficult  even  for  the  most  advanced  climate  models.  For  example,  most 
clouds  are  sub-grid  scale  for  the  typical  general  circulation  model 
(GCM) . Thus,  clouds  will  undoubtedly  be  parameterized  in  future  models 
much  as  they  are  now.  Furthermore,  these  cloud  parameterizations  are 
one  of  the  weakest  aspects  of  the  present  GCM  s.  Climate  models  now 
lack  the  ability  to  meaningfully  calculate  radiative  forcing  due  to  the 
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failure  of  cloud- dynamic  parameterizations  (Webster,  1978).  Neverthe- 
less, as  newer  and  better  cloud  models  are  developed  they  must  be  veri- 
fied and  tuned  against  actual  measurements  of  global  cloudiness  (Cox, 
1978)  . 

Because  climate  models  necessarily  have  many  assumptions,  approxi- 
mations and  parameterizations,  verification  of  their  results  is  quite 
important.  Furthermore,  computation  of  one  parameter  may  be  successful 
because  the  model  contains  compensating  errors  in,  for  example,  the 
treatment  of  physical  processes.  One  can  have  more  confidence  in  the 
validity  of  ones  model  by  checking  calculated  against  measured  param- 
eters that  are  both  a direct  measure  of  a physical  process  and  avail- 
able in  time  and  space  scale  detail.  The  climatic  cloudiness  index 
outlined  in  this  paper  is  a particularly  useful  parameter  because  it  is 
a radiative  index  that  can  be  compiled  for  weekly  or  seasonal  world- 
wide vertical  profile  values.  In  other  words,  the  4-dimensional  char- 
acteristic of  this  observable  variable  would  make  it  a particularly 
good  verification  tool  for  the  parameterization  of  clouds  in  the  GCM 
radiative  calculations . 

The  values  of  the  proposed  index  may  also  be  useful  in  GCM  cloud 
parameterization  studies.  Instead  of  dealing  directly  with  clouds  in 
a model,  one  might  go  directly  from  dynamic- thermodynamic  considera- 
tions to  radiative  effects  (COSPAR,  1978a) . Another  approach  is  to 
relate  model  derived  cloudiness  directly  to  radiative  divergence  pro- 
files without  any  model  cloud  radiative  calculations  (Cox  and 
Vonder  Haar,  1973).  Such  "direct11  parameterization  studies  will  need 
to  use  observational  data  like  the  cloudiness  and  radiative  informa- 


tion contained  in  the  index. 
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The  second  area  of  potential  index  application  is  in  climate  moni- 
toring. The  earth  s climate  is  a function  of  the  earth— atmosphere  sys- 
tem reacting  to  the  equator- to-pole  gradient  of  net  energy;  this  net 
energy  budget  may  be  quantified  and  divided  into  components  by  the  net 
radiation  budget  studies  using  satellite  data  (Vonder  Haar  and  Oort, 
1973;  Campbell  and  Vonder  Haar,  1980a, b).  Clouds  are  the  principal 
modulators  of  the  radiation  for  they  strongly  influence  the  earth's 
solar  albedo  and  infra-red  absorption.  To  extend  and  improve  the  cli- 
mate monitoring  aspect  of  these  radiation  budget  studies  there  is  a 
need  to  determine  cloudiness  independent  of  the  satellite  radiation 
budget  measurements  (Vonder  Haar,  1979).  The  index  described  in  this 
paper  would  be  useful  for  this  purpose. 

Because  we  feel  that  cloudiness  is  an  important  climate  variable, 
and  since  the  VIRES  index  is  strongly  a function  of  cloudiness,  it 
follows  that  the  index  itself  represents  a physical  characteristic  of 
the  climate  system.  The  temporal  and  spatial  variations  of  this  index 
can  be  detected  using  the  statistical  method  described  earlier.  This 
could  be  done  on  a global  or  regional  scale  in  an  attempt  to  detect 
climatic  trends.  Regional  changes  which  can  be  concealed  in  global 
averages  may  provide  a more  sensitive  measure  of  climatic  change. 
Moreover,  climatic  anomalies  in  one  area  are  often  correlated  with 
variations  in  another  area.  Occassionally  there  is  also  a time  lag. 

In  such  cases  climatic  forecasts  can  be  made.  These  teleconnections 
might  be  identified  and  observed  easier  by  processing  satellite  data 
into  meteorological  indexes  like  the  one  described  in  this  paper. 

The  index  described  in  this  paper  has  both  information  about 
cloudiness  and  outgoing  longwave  radiation.  In  this  respect  it  would 
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be  especially  valuable  to  the  National  Climatic  Research  Program 
(NCRP) . The  NCRP  Committee  proposes  satellite  observations  in  the  form 
of  a Climatic  Index  Monitoring  Program  in  addition  to  conventional 
meteorological  observations  (U.S.  Committee  for  GARP,  1975).  This 
VIRES  index  would  represent  two  indexes  in  one.  Furthermore,  it  can  be 
computed  for  the  global  coverage  and  weekly  frequency  required. 

There  are  other  possible  uses  for  a radiatively  defined  cloudiness 
index.  When  combined  with  radiation  budget  studies  a better  assessment 
of  atmospheric  energetics  may  be  possible  (COSPAR  WG  6,  1978a).  Cli- 
matic change  may  be  viewed  as  an  adjustment  among  compensating  feedback 
processes.  Using  this  index  one  may  be  able  to  identify  and  quantify 
coupling  between  cloudiness  and  other  atmospheric  variables.  Perhaps 
by  using  the  index  more  specific  relationships  between  the  cloudiness 
and  the  earth-atmosphere  energy  balance  (Hartman  and  Short,  1980; 

Herman  et  al.  1980;  Ohring  and  Clapp,  1980)  can  be  found.  Conceivably 
this  index  could  help  determine  whether  or  not  a change  in  cloudiness 
necessarily  results  in  a change  in  the  climate  (Cess,  1976;  Ellis, 

1978;  Coakley,  1979;  Van  Den  Dool,  1980).  In  this  regard  the  index 
could  shed  some  much  needed  light  on  the  role  of  cloud  vertical  struc- 
ture as  it  applies  to  the  cooling  to  space  portion  of  the  earth- 
atmosphere  radiation  budget.  The  VIRES  index  would  also  be  useful  in 
understanding  more  clearly  the  consequence  of  tropospheric  water  vapor 
emission  as  it  relates  to  the  earth-atmosphere  radiative  loss. 


VIII.  CONCLUSIONS 


This  paper  introduces  and  describes  a climate  index  called  the 
VIRES  index.  VIRES  is  the  acronym  for  Vertical  Infrared  Radiative 
Emitting  Structure  and  quite  by  chance  it  is  also  the  plural  form  of 
the  Latin  word  vis,  meaning  forces  or  powers.  Thus,  the  acronym  seems 
especially  appropriate  since  the  atmosphere's  VIRES  is  one  of  the  major 
forcing  factors  behind  the  earth's  climate.  The  VIRES  index  is  related 
to  the  earth's  climate  through  the  earth’s  radiation  budget  and  there- 
fore can  be  considered  a climate  index.  The  logic  behind  this  claim 
may  be  stated  as  follows.  The  climate  system  is  determined  by  the 
energy  input  to  the  system  and  the  distribution,  transformation  and 
storage  of  energy  in  various  forms  within  the  system.  These  processes 
are  mirrored  in  the  components  of  the  earth's  radiation  budget,  one  of 
which  is  the  outgoing  emitted  thermal  radiation  (COSPAR  Report  to  ICSU 
and  JOC,  1978b).  This  cooling  to  space  is  described  by  the  VIRES  which 
is  primarily  a function  of  the  cloud  distribution. 

This  index  is  an  attempt  to  optimize  the  use  of  satellite  data 
for  climate  purposes  by  directly  utilizing  the  radiative  aspects  of 
the  atmosphere  while  avoiding  some  of  the  difficulties  of  inferring 
standard  meteorological  variables  from  satellite  radiances.  The  VIRES 
index  is  based  on  broadband  infrared  weighting  curves  retrieved  from 
operationally  measured  spectral,  earth-emitted  radiation  in  the  C02 
absorption  band.  These  curves  describe  the  vertical  structure  of  in- 
frared radiative  emission  and  are  a function  of  the  cloud,  temperature 
and  moisture  distributions.  The  most  important  findings  of  this  re- 


search are  summarized  below. 
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A.  Cloud  - VIRES  relationship 

This  paper  demonstrates  under  both  tropical  and  mid-latitude 
atmospheric  conditions  the  predominate  influence  of  the  three  dimen- 
sional cloud  distribution  on  the  atmosphere Ts  Vertical  Infrared  Radia- 
tive Emitting  Structure  (VIRES).  Therefore,  the  VIRES  index  can  be 
considered  an  indicator  of  cloudiness  with  the  caution  that  low  cloud 
or  high  water  vapor  content  can  both  result  in  the  same  VIRES.  Also 
illustrated  is  the  fact  that  the  atmospheric  VIRES  is  responsive  to 
the  three  dimensional  distributions  of  water  vapor  and  temperature. 

B . VIRES  retrieval  technique 

VIRES  curves  may  be  inferred  directly  from  satellite  measured 
radiances.  A retrieval  technique  utilizing  CO^  band  spectral  radiances 
is  described  which  determines  two  weighting  curve  shape  parameters 
(p^£  and  a) . The  empirical  RTE  method  was  found  to  be  both  computa- 
tionally fast  and  accurate.  The  two  parameters  inferred  using  the 
empirical  RTE  method  define  a single  scene  VIRES.  The  single  scene 
retrievals  are  composited  to  give  a temporal  and  spatial  average  VIRES 
curve.  A sensitivity  study  and  error  analysis  using  simulated  satel- 
lite data  that  included  the  effect  of  sampling  inadequacies  quantified 
the  abilities  of  the  empirical  RTE  retrieval  approach. 

C . VIRES  uniqueness 

The  VIRES  curves  calculated  for  diverse  cloud  (climate)  regimes 
have  been  shown  to  be  statistically  different  in  all  cases  with  the 
following  two  exceptions.  In  the  moist  atmosphere  case  the  high  con- 
centrations of  low  level  water  vapor  radiatively  emit  to  space  almost 
identically  like  the  case  with  low  level  cloud.  The  second  exception 
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occurs  for  comparisons  between  two  similar  cloud  shape  distributions. 
The  simple  non- parametric  statistical  test  compares  the  points  from 
two  VIRES  curves  every  20  mb.  As  might  be  expected,  the  VIRES  index 
values  show  (qualitative)  uniqueness.  Thus,  climate  change  can  be 
effectively  monitored  using  the  VIRES  index  which  conveniently  and 
quantitatively  expresses  the  vertical  structure  of  terrestrial  emission 
to  space . 

D.  VIRES  index 

Although  the  VIRES  curves  contain  the  maximum  vertical  informa- 
tion, they  are  cumbersome  to  work  with.  Therefore,  a useful  descriptor 
of  the  VIRES  curve  called  the  VIRES  index  was  developed.  As  stated 
above,  the  index  is  able  to  protray  differences  in  the  atmosphere’s 
vertical  emitting  structure.  The  first  three  number  parameters  in  the 
index  represent  pressure  levels  in  the  atmosphere  above  which  a speci- 
fied fraction  (.25,  .50,  .75)  of  the  infrared  energy  lost  to  space 
originates.  The  last  parameter  represents  the  fraction  of  energy  lost 
to  space  which  originated  at  the  earth’s  surface.  The  index  is  es- 
pecially useful  since  it  represents  the  VIRES  curve  information  in  a 
shortened,  interpretable,  and  flexible  form.  The  four  parameter  in- 
dex prposed  in  this  work  may  be  easily  modified  to  maximize  its 
usefulness  for  different  applications. 

E . Suggested  applications  and  sampling  strategies 

A number  of  specific  applications  have  been  proposed  and  in 
general  they  are  related  to  climate  monitoring  and  climate  modeling. 

For  example,  to  monitor  the  climate,  regional  VIRES  index  averages  can 
be  compiled.  These  values  would  probably  be  very  sensitive  to  climate 
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variations.  It  is  recommended  that  this  basic  index,  calculated  from 
geostationary  satellite  radiance  measurements,  be  averaged  to  a spatial 
resolution  of  250  km  (2  1/2°  latitude  by  2 1/2°  longitude)  with  the 
smallest  time  resolution  being  4 hours.  Of  course  sun  synchronous 
satellite  data  may  be  used  to  supplement  coverage.  From  these  data 
coarser  spatial  and  temporal  averages  can  be  calculated  for  other 
specific  applications  such  as  regional  or  global  climate  modeling.  The 
VIRES  index  can  be  used  for  climate  model  baselining  and  verification 
of  radiative  calculations.  Index  values  may  also  be  useful  to  research 
efforts  in  the  area  of  cloud  parameterizations . 
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APPENDIX 

Retrieval  Error  Analysis 

Chapter  V is  an  introduction  and  summary  of  the  analysis  presented 
below.  For  an  explanation  of  the  boundary  conditions  and  assumed  error 
values  refer  to  Chapter  V.  This  Appendix  contains  the  following  de- 
tailed error  analysis.  Errors  due  to  system- instrument  errors  are 
investigated  first,  followed  by  errors  due  to  temperature  and  humidity 
profile  unknowns.  The  magnitude  of  errors  due  to  CO^  profile  varia- 
tions are  also  examined.  Errors  due  to  specified  cloud  properties  are 
reviewed,  followed  by  a brief  analysis  of  combined  error  sources.  The 
last  source  of  error  examined  is  the  assumption  that  a single  repre- 
sentative radiating  surface  is  in  the  radiometer  field  of  view.  The 
following  sections  detail  the  error  findings. 

A.  Random  sensor  error  effects 

Figures  24-31  give  the  bias  and  RMS  retrieval  errors  due  to  random 
sensor  errors  for  both  a mid-latitude  and  tropical  atmosphere.  In- 
strument system  noise  is  assumed  Gaussian  with  a mean  of  zero  and  a 

-2  -1 

standard  deviation  of  0.22  mW  m sr  cm  for  the  15  ym  channels,  and 
-2  -1 

0.11  mW  m sr  cm  for  the  window  channel.  These  values  represent  the 
state  of  the  art  precision  of  the  HIRS  instrument  on  TIROS-N  (Schwalb, 
1978).  For  calculation  purposes  the  set  of  spectral  values  represent- 
ing a particular  atmosphere  are  modified  with  random  noise  errors  that 
are  distributed  as  described  above.  These  modified  spectral  radiance 
values  are  then  used  in  the  empirical  RTE  curve  shape  parameter  re- 
trieval algorithm  to  solve  for  the  calculated  p ^ and  a values,  which 
are  then  compared  to  the  known  correct  values.  Statistics  are 
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Figure  24.  p ^ pressure  level  bias:  random  sensor  errors  for  mid- 

latitude summer  model. 
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Figure  25.  p ^ pressure  level  RMS:  Random  sensor  errors  for  mid 

latitude  summer  model. 
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Figure  26.  p _ pressure  level  bias:  Random  sensor  errors  for  tropi 

cal  model. 
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Figure  27.  p pressure  level  RMS:  Random  sensor  errors  for  tropical 

wt 

atmosphere  model. 


EFFEC' 


Figure  28.  a bias:  Random  sensor  error  for  mid-latitude  summer  model 
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Figure 


30.  a bias:  Random  sensor  error  for  tropical  model. 
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Figure  3] . a RMS:  Random  sensor  error  for  tropical  model. 
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calculated  using  60  sets  of  calculated  versus  given  values  for  each 
particular  atmospheric  condition*  As  seen  in  Figures  24-31,  one 
hundred  statistics  per  figure  are  calculated  using  combinations  of  10 
effective  cloud  top  pressures  and  10  effective  cloud  fraction  values. 

Understanding  the  bias  statistic  in  Figures  24,  26,  28  and  30  is 
simplified  if  one  realizes  that  there  is  a correlation  between  the  re- 
trieved values  of  p .p  and  a.  For  example,  a single  spectral  radiance 
may  be  the  result  of  small  p^p  and  a values  or  the  result  of  large  p^ 
and  a values.  For  the  single  spectral  radiance  there  is  a spectrum  of 
p r and  a value  pairs  going  from  both  small  to  both  large  that  could 
define  a weighting  curve  for  that  radiance  value.  Thus,  to  satisfy  a 
set  of  spectral  radiances  with  instrument  noise  the  empirical  routine 
will  usually  tend  to  err  in  the  same  direction  for  both  p^  and  ct.  For 
the  most  part,  Figures  24  and  28,  and  Figures  26  and  30  show  this  error 
characteristic. 

Furthermore,  the  bias  figures  show  errors  due  principally  to 
boundary  conditions.  The  physical  constraints  of  the  system  force  the 
instrument  noise  error  to  show  bias  errors  when  p^  1000  mb.  In  this 
case  radiating  surfaces  below  1000  mb  are  not  allowed  causing  the  p 
bias  error  to  be  negative  (bias  = calculated  - given) . At  this  boun- 
ary  a bias  errors  are  also  generally  negative.  Figures  24  and  28  show 
the  same  effect  as  a ->  0.  By  necessity  the  bias  is  toward  larger  a 
values  and  as  a consequence  larger  p^p  values  (positive  bias).  Figures 
26  and  30  show  this  effect  to  a lesser  degree.  Overall  this  analysis 
shows  the  retrieval  is  highly  unbiased  due  to  instrument  noise  except 
as  a 0 and  p^p  1000  mb.  As  stated  previously,  when  a is  near  zero 

and  p is  near  the  surface  the  broadband  weighting  curve  is  only 

wt 


117 


slightly  changed  from  the  clear  sky  case.  Thus,  these  error  effects 
are  minimized. 

Figures  25,  27,  29  and  31  give  the  RMS  error  due  to  system  noise 

of  p and  a for  a mid-latitude  and  tropical  atmosphere.  The  more 
w r 

gradual  increase  in  RMS  errors  for  and  a as  a •+  0 and  p ^ 1000 

mb  indicates  that  the  RMS  error  is  probably  related  closely  to  signal 

to  noise  ratio  which  gradually  decreases  as  a 0 and  p - 1000  mb. 

wt 

One  also  notices  that  RMS  values  are  slightly  larger  for  the  mid- 
latitude case  (Figures  25  and  29).  This  is  probably  due  to  the  fact 
that  the  tropical  atmosphere  contains  much  more  water  vapor.  The  pre- 
sence of  water  vapor  may  act  as  a buffer  reducing  the  impact  radiance 
errors  have  on  the  retrieval  process.  In  conclusion,  it  appears  that 
random  noise  effects  produce  p ^ and  a retrieval  errors  that  are  in  the 
mean  quite  small.  Any  specific  case  retrieval  errors  will  be  of  the 
magnitude  indicated  by  the  RMS  figures. 

B . Profile  error  effects 

Analysis  of  profile  error  effects  is  extremely  difficult  due  to 
the  computational  time  involved.  Instead  of  adding  random  noise  60 
times  to  sets  of  spectral  radiance  values  (one  for  mid-latitude  and 
another  for  tropical  atmospheres),  the  sets  of  spectral  radiance  values 
have  to  be  generated  using  profiles  of  temperature,  humidity  and  CO^ 
that  are  modified  with  errors.  To  run  the  spectral  RTE  for  each  wave- 
number  for  60  different  error  plagued  profiles  for  each  of  the  two 
basic  atmospheres  in  an  attempt  to  produce  figures  similar  to  Figures 
24-31  requires  a large  amount  of  computer  time.  Instead  of  taking  this 
route,  a less  descriptive  but  much  faster  approach  is  used  and 
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outlined  below.  It  is  the  same  technique  described  at  the  end  of 
Chapter  IV. 

Bias  and  RMS  errors  are  calculated  from  50  values.  These  values 
come  from  calculations  made  at  the  5 effective  cloud  top  levels  within 
a 100’s  range  (i.e.  200,  220,  240,  260  and  280  mb)  for  10  fractional 
effective  cloud  amounts  (i.e.  1.0,  0.9,  . ..,  0.1).  The  results  given 
are  only  for  the  mid-latitude  atmosphere  although  they  are  also  re- 
presentative of  the  tropical  atmosphere  case. 

For  example.  Figure  32  which  represents  this  approach  using  in- 
strument noise,  may  be  comprared  to  Figures  24,  25,  28  and  29.  Notice 
that  if  the  lines  in  Figure  32  are  considered  trends  representing  a 
single  overall  statistic,  with  no  importance  placed  on  variations  be- 
tween effective  cloud  top  categories,  they  compare  favorably  with  the 
trends  indicated  in  Figures  24,  25,  28  and  29.  Thus,  the  trends  in- 
dicated in  Figures  32-37,  especially  those  trends  neglecting  the  two 
end  groupings  are  taken  as  representative  of  a mean  value  of  bias  or 
RMS.  Remember  that  either  end  effective  cloud  category  shows  effects 
due  to  boundary  conditions.  Despite  obvious  limitations,  these  trend 
values  are  regarded  as  sufficiently  descriptive  for  this  analysis. 

Figure  33  shows  the  bias  and  RMS  of  a and  p f associated  with  a 
2°C  RMS  and  50%  water  vapor  profile  uncertainty  specified  randomly  and 
independently  for  each  20  mb  layer.  The  distribution  of  errors  is 
Gaussian  with  zero  mean.  Water  mixing  ratio  errors  are  given  as  a 
percent  of  the  correct  mixing  ratio  at  any  given  level.  For  this 
particular  analysis  instrument  noise  is  set  to  zero. 

For  each  plot  in  Figure  33  there  are  two  curves.  The  dashed  line 
represents  the  error  when  the  specified  climatological  temperature  and 
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Figure  33.  +2°  RMS  temperature  and  50%  humidity  error  effects  on 

shape  parameter  retrieval. 
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Figure  35.  80  mb  cloud  thickness  error  effect  on  shape  parameter  re- 

trieval (20  mb  vs.  100  mb). 
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Figure  37.  Combined  errors  effect  on  shape  parameter  retrieval 
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humidity  profile  is  used.  The  dotted  line  represents  error  analysis 

when  a clear  column  radiance  correction  (CCRC)  is  applied.  As  can  be 

seen  in  Figure  33,  the  application  of  CCRC,  which  simply  adds  one  more 

piece  of  information  g)  , greatly  reduces  the  RMS  errors  and  seems 

to  improve  the  bias  error.  The  inclusion  of  the  measured  L informa- 

Vcs 

tion  is  reasonable  since  in  many  cases  this  information  will  be  avail- 
able. Even  in  overcast  situations,  using  the  closest  L measurement 

VCS 

should  be  an  improvement  over  assuming  the  L^cs  inferred  from  the 

climatological  profile  is  correct. 

The  CCRC  is  applied  in  the  following  way.  Let  L be  the  clear 

sky  spectral  radiance  from  a climatological  profile.  Let  L be  the 

csm 

measured  clear  sky  spectral  radiance.  Each  spectral  radiance  value 

used  in  the  retrieval  procedure  is  then  multiplied  by  a factor  equal  to 

(L  t L ) . 
esc  csm  v 

Figure  34  gives  the  RMS  bias  errors  due  solely  to  a + 1%  error  in 

the  CO^  profile.  The  error  is  not  applied  randomly  but  through  the 

whole  profile  since  CO^  is  well  mixed  in  the  troposphere.  The  magni- 
2 

tude  represents  — of  the  seasonal  maximum  change  in  CO^  observed. 

Again  the  CCRC  technique  eliminates  the  effect  of  the  error  almost  en- 
tirely. The  main  effect  of  the  CO^  error  is  to  change  the  p ^ value 
from  true  while  a is  calculated  correctly.  When  there  is  more  CO^  than 
assumed  the  radiation  surface  is  retrieved  higher  in  the  atmosphere 
that  it  really  is.  Notice  a change  of  scale  in  the  RMS  plots.  Even 
without  the  CCRC  applied  to  the  CO^  error  the  temperature  and  humidity 
as  well  as  instrument  errors  are  far  more  important  in  terms  of  RMS 


error . 
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C . Effective  cloud  radiative  properties,  effect 

As  stated  previously,  because  the  empirical  RTE  retrieval  method 
solves  for  an  a value,  theoretically  the  emittance  for  the  radiating 
surface  being  retrieved  may  be  arbitrarily  specified.  The  accuracy  of 
this  statement  is  tested  in  this  section.  Errors  due  to  both  over  and 
under  specifying  emittance  will  be  examined  by  neglecting  all  other 
error  sources . 

Figure  35  shows  the  effect  of  assuming  effective  cloud  depths  of 
100  mb  when  they  are  actually  20  mb  thick.  In  other  words  the  emit- 
tance is  assumed  to  be  much  larger  than  it  really  is.  By  comparing 
Figure  35  to  Figures  13  and  14  one  can  see  the  RMS  and  bias  errors  for 

p „ are  essentially  alike.  The  same  is  true  for  a errors  which  are  not 
rwf 

plotted.  Instead  the  errors  for  N are  plotted  to  illustrate  that  if 
emittance  is  assumed  too  large  the  N value  is  simply  decreased  to  give 
the  correct  a value  (a  = eN) . Notice  that  below  600  mb,  20  mb  thick 
effective  clouds  behave  much  like  100  mb  thick  ones. 

Figure  36  gives  an  analysis  of  the  situation  where  the  emittance 
is  actually  greater  than  specified.  This  error  occurs  only  at  higher 
levels  since  emittance  below  300  mb  is  specified  at  its  maximum  value. 
Again  N statistics  are  plotted  instead  of  a statistics.  Since  emit- 
tance is  assumed  too  small  at  the  upper  tropospheric  levels,  the  N 
value  calculations  are  biased  positive  to  give  the  correct  a value. 

In  this  case  the  curves  show  small  variations  from  those  plotted  in 
Figures  13  and  14 . 

Figure  37  shows  the  results  of  combining  errors.  The  errors 
used  are  a random  2°C  RMS  temperature  profile  error  with  50%  variation 
in  humidity  as  explained  in  Section  R.  Also  included  is  random 


127 


instrument  noise  as  explained  in  Section  A.  Furthermore,  true  cloud 
depth  is  allowed  to  vary  randomly  from  20  to  180  mb  and  LWC  is  allowed 
to  vary  randomly  from  + 50%  of  the  specified  value. 

The  consistency  of  the  RMS  error  from  one  effective  cloud  top 
category  to  another  suggests  that  the  limited  sample  analyzed  gives  a 
typical  value  of  RMS.  However,  confidence  in  the  bias  errors  cannot  be 
as  high  using  the  consistency  argument.  It  appears  that  the  CCRC  pro- 
cedure reduces  the  RMS.  However,  it  also  seems  to  add  to  the  bias 
error.  It  must  be  remembered  that  the  error  characteristics  (level  by 
level  independent  randomness)  used  are  the  severest  test  of  CCRC.  For 
a more  trend  characteristic  error  as  opposed  to  random  error  the  CCRC 
works  better  as  evidenced  by  the  CO^  values  in  Figure  34. 

In  conclusion,  this  analysis  has  shown  the  RMS  and  bias  errors  of 

p and  a to  be  of  the  order  of  magnitude  given  in  Table  7.  These 
wi 

values  represent  acceptable  levels  when  matched  with  the  approach  of 
using  weighting  function  curves  defined  by  the  shape  parameters  p ^ and 
a as  an  indication  of  climatological  cloudiness.  As  pointed  out  above, 
a great  advantage  is  gained  due  to  the  fact  that  maximum  curve  shape 
parameter  errors  occur  as  p ^ 1000  mb  and  as  a ->  0 and  for  these 

values  of  p ^ and  a the  broadband  weighting  curve  shape  remains  nearly 
as  it  is  for  the  clear  sky  case. 


D.  Single  p ^ level  effect 

The  nature  of  this  error  effect,  due  to  errors  in  the  assumption 
that  the  satellite  sensor  is  viewing  a scene  with  a single  p ^ level. 


requires  a different  analysis  approach.  Figure  38  illustrates  the 
effect:  of  two  radiating  surfaces  on  the  spectral  weighting  function  for 


normalized  d r/din  p 


Figure  38.  Spectral  weighting  curve  for  a case  of  two  separate  radiating  surfaces  in  the  same  scene. 
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wavenumber  727.5  cm  ^ using  a tropical  atmosphere.  The  values  of  p ^ 

and  p are  210  and  510  mb  respectively.  The  a values  are  0.35  and 

wrz 

0.40  respectively.  It  is  clear  that  to  describe  the  shape  of  this 
weighting  function  profile  takes  4 curve  shape  parameters.  What  sort 
of  errors  are  obtained  when  the  set  of  spectral  radiance  values  that 
correspond  to  these  four  shape  parameters  are  used  in  the  2 parameter 
retrieval  program?  This  problem  of  two  radiating  surfaces  versus  one 
radiating  surface  is  addressed.  To  slightly  simplify  further,  a values 
are  restricted  to  1.0  for  a single  specified  known  scene  which  when 
paired  translates  into  a specified  known  scene  that  is  described  by  a?s 
of  0.5  and  0.5. 

As  pointed  out  in  Figure  1 the  ultimate  objective  is  to  composite 
broadband  weighting  curves  for  purposes  of  a climate  index.  Specific 
scene  retrievals  are  only  a secondary  consideration.  Therefore,  the 
particular  source  of  error  described  in  this  section  is  related  to  the 
final  composite  weighting  curve  product.  To  judge  error  effects,  the 
true  versus  retrieved  composite  curves  are  compared.  The  composite  can 
be  thought  of  as  representing  either  time  or  space  averages.  The  ex- 
periment most  closely  resembles  a space  average. 

To  do  this  comparison  the  following  experimental  procedure  is 
followed.  Assign  an  effective  radiating  surface  to  a simulated  spot 
scene.  Do  this  for  many  spots  200  spots)  using  different  p ^ values 
with  Ct  = 1.  There  is  a set  of  spectral  radiance  values  for  each  spot. 

A composite  of  curves  200)  described  from  the  spot  scenes  spectral 
radiances  gives  the  true  weighting  curve.  Assume  the  satellite  sensor 
views  two  scenes  at  once.  In  other  words,  the  satellite  is  assumed  to 
view  two  effective  radiating  surfaces  instead  of  one.  Thus,  each  of 
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the  true  spot  scenes  are  paired  off  100  pairs)  . There  is  a set  of 
spectral  radiances  for  each  pair  of  spot  scenes  which  represent  an  aver- 
age of  the  two  separate  radiance  sets.  From  this  set  of  spectral  radi- 
ances, p and  a values  are  retrieved  and  all  the  resulting  weighting 
wf 

curves  (a>  100)  are  composited  to  give  the  retrieved  composite  weighting 
function  curve . This  is  done  for  three  separate  groups  of  200  spot 
values . 

Tables  16  and  17  give  the  effective  cloud  top  distributions  in  de- 
tail for  the  three  groupings.  The  flat  distribution  (FLATS)  is  modeled 
after  20  day  average  GATE  B-array  cloud  data  (Cox  and  Griffith,  1978). 
The  other  two  distributions  (BIMOS  and  1PK35)  are  specified  to  resemble 
alternate  scenarios.  BIMOS  represents  a specified  bimodal  distribution, 
while  1PK35  represents  a specified  one  peak  distribution  at  the  200  mb 
layer.  There  are  5 levels  within  each  effective  cloud  top  category 
(i.e.  400,  420,  440,  460  and  480  mb).  The  spots  are  paired  off  as 
realistically  as  possible  by  category.  Within  each  pair  the  difference 
between  tops  vary  according  to  the  values  at  the  bottom  of  Table  8. 

For  example,  if  200  and  300  mb  category  tops  are  paired  off'  together 
their  tops  may  differ  between  20  and  180  mb;  a 280  mb  top  may  be  paired 
with  a 300  mb  top  or  a 200  mb  top  may  be  paired  with  a 380  mb  top. 

Once  the  top  categories  are  chosen,  the  exact  top  differences  are 
determined  randomly.  The  exact  specified  distribution  of  top  differ- 
ence values  is  largely  dependent  on  the  total  distribution  of  effective 
cloud  tops.  Notice  that  two  120  pair  models  of  the  flat  distribution 
are  specified  in  order  to  judge  result  sensitivity  to  differences  in 
pair  separation  distributions. 
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Table  16.  Model  effective  cloud  top  distributions  by  top  category. 
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Table  16.  Model  effective  cloud  top  pair  separation  distribution 
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Table  17.  Model  effective  cloud  top  distribution 
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Because  one  would  not  expert  each  and  every  set  of  satellite 
radiance  values  to  be  influenced  by  a scene  with  two  different  radiat- 
ing surfaces,  this  test  set  up  may  be  extreme.  On  the  other  hand, 
occassional  scenes  with  more  than  two  radiating  surfaces  may  be  viewed. 

Overall  one  mav  consider  this  test  of  the  single  representative  p f 

wr 

value  error  to  be  not  quite  a worse  case  situation. 

Tables  16  and  17  give  the  effective  cloud  top  retrieved  distribu- 
tions. Table  18  shows  that  kind  of  single  p f and  a values  the  retriev- 
al program  calculates  from  sets  of  spectral  radiances  containing  the 

effects  of  two  p , and  a values.  In  most  cases  the  results  seem  to 
wf 

provide  a fortuitous  average  type  value.  Figure  39  gives  a more  in- 
formative summary  of  this  process.  Plot  A shows  the  three  effective 
cloud  top  distributions.  Plot  B compares  the  specified  top  distribu- 
tion (240  spots)  against  the  retrieved  top  distribution  (120  pairs). 
Notice  that  the  retrieved  top  distribution  fails  to  match  the  specified 
one  in  the  lower  troposphere.  This  fault  is  minimized  by  considering 
that  effective  clouds  at  that  level  have  little  influence  on  the  over- 
all broadband  weighting  function.  Notice  that  both  pair  models  show 
the  same  general  results.  Plots  C and  D also  show  favorable  comparison 
between  the  distribution  of  specified  effective  cloud  tops  and  the  re- 
trieved ones . 

Figures  40-42  show  the  broadband  weighting  curve  composites  for 
the  three  effective  cloud  top  distributions.  Specified  (i.e.  240  spot) 
curves  are  compared  to  retrieved  (i.e.  120  pair)  curves.  In  Figure  40 
the  120  pair  model  weighting  cuve  is  not  plotted  in  order  to  make 
visual  comparison  between  the  two  plotted  curves  easier.  All  three 
figures  show  only  minor  differences  between  the  specified  and  retrieved 


Effective  Cloud 

Retrieved 

LWC 

Retrieved 

Effective  Cloud 

Retrieved 

LWC 

Retrieved 

Top  Pairings 

Cloud  Top 

Fraction 

Top  Pairings 

Cloud  Top 

Fraction 

380  - 340 

360 

.075 

1.0 

820  - 860 

840 

1.0 

1.0 

300  - 340 

320 

.055 

1.0 

800  - 840 

820 

1.0 

1.0 

360  - 340 

340 

.064 

1.0 

200  - 220 

220 

.025 

1.0 

380  - 320 

340 

.064 

1.0 

240  - 260 

■ 240 

.029 

1.0 

380  - 380 

360 

.075 

.96 

200  - 220 

240 

.029 

1.0 

360  - 360 

360 

.075 

1.0 

400  - 480 

440 

.124 

1.0 

380  - 380 

340 

.064 

1.0 

460  - 440 

440 

.124 

1.0 

340  - 320 

340 

.064 

1.0 

420  - 480 

440 

.124 

1.0 

360  - 300 

320 

.055 

1.0 

700  - 780 

720 

.628 

.92 

320  - 300 

320 

.055 

1.0 

760  - 740 

760 

.792 

1.0 

360  - 320 

340 

.064 

1.0 

720  - 760 

720 

.628 

.94 

320  - 320 

320 

.055 

1.0 

940  - 960 

900 

1.0 

.44 

300  - 340 

320 

.055 

1.0 

980  - 920 

900 

1.0 

.44 

360  - 340 

340 

.064 

1.0 

900  - 900 

880 

1.0 

.82 

300  - 380 

340 

.064 

1.0  . 

100  - 120 

100 

.010 

.90 

880  - 860 

880 

1.0 

1.0 

540  - 500 

520 

.197 

1.0 

880  - 840 

860 

1.0  ■ 

1.0 

640  - 620 

640 

.395 

1.0 

880  - 820 

860 

1.0 

1.0 

340  - 240 

■ 280 

.040 

.96  — 

820  - 860 

840 

1.0 

1.0 

380  - 280 

320 

.055 

1.0 

860  - 860 

860 

1.0 

1.0 

300  - 260 

280 

.040 

1.0 

880  - 840 

860 

1.0 

1.0 

320  - 200 

260 

.034 

1.0 

820  - 800 

820 

1.0 

1.0 

360  - 260 

300 

.047 

1.0 

800  - 880 

840 

1.0 

1.0 

360  - 240 

280 

.040 

.92 

840  - 860 

860 

1.0 

1.0 

380  - 400 

380 

.087 

.98 

800  - 860 

840 

1.0 

1.0 

380  - 460 

360 

.075 

.92 

840  - 840 

840 

1.0 

1.0 

340  - 420 

360 

.075 

.94 

820  - 840 

840 

1.0 

1.0 

820  - 700 

720 

.628 

.84 

880  - 800 

840 

1.0 

1.0 

800  - 720 

760 

.792 

1.0 

800  - 820 

820 

1.0 

1.0 

860  - 740 

800 

1.0 

1.0 

800  - 880 

840 

1.0 

1.0 

800  - 960 

840 

1.0 

.78 

Table  18.  (Page  1.) 
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Effective  Cloud 
Top  Pairings 

Retrieved 
Effective 
Cloud  Top 

LWC 

Retrieved 

Fraction 

Effective  Cloud 
Top  Pairings 

Retrieved 
Cloud  Top 

LWC 

Retrieved 

Fraction 

880  - 920 

880 

1.0 

.80 

400  - 720 

500 

.175 

.88 

840  - 980 

860 

1.0 

. 66 

440  - 780 

540 

.221 

.84 

820  - 940 

860 

1.0 

.86 

420  - 700 

520 

.197 

.92 

860  - 900 

880 

1.0 

.94 

480  - 720 

580 

.279 

.94 

800  - 980 

840 

1.0 

.70 

920  - 640 

700 

.559 

.84 

820  - 940 

860 

1.0 

.86 

540  - 220 

260 

.034 

.68 

300  - 520 

380 

.087 

.90 

480  - 160 

200 

.021 

.74 

380  - 580 

460 

.139 

1.0 

800  - 420 

520 

.197 

.80 

340  - 560 

420 

.110 

.96 

820  - 400 

480 

.156 

.74 

320  - 160 

220 

.025 

.98 

300  - 780 

340 

.064 

.58 

300  - 180 

240 

.029 

1.0 

340  - 760 

420 

.110 

.72 

360  - 140 

200 

.021 

.88 

520  - 960 

560 

.248 

.62 

320  - 100 

160 

.016 

.86 

580  - 180 

220 

.025 

.64 

340  - 120 

180 

.018 

.88 

860  - 360 

400 

.100 

.62 

880  - 600 

640 

.395 

.68 

800  - 380 

460 

.139 

.74 

840  - 660 

700 

.559 

.92 

820  - 320 

360 

.075 

.60 

880  - 680 

700 

.559 

.78 

840  - 340 

380 

.087 

.62 

440  - 200 

240 

.029 

.80 

880  - 300 

320 

.055 

. 54 

480  - 280 

360 

.075 

.92 

860  - 320 

360 

.075 

.58 

460  - 260 

340 

,064 

.94 

840  - 360 

420 

.110 

.64 

920  - 740 

800 

1.0 

.82 

900  - 440 

500 

.175 

. 66 

960  - 780 

820 

1.0 

.76 

700  - 240 

260 

.034 

.56 

980  - 760 

800 

1.0 

. 64 

740  - 280 

300 

.047 

.58 

380  - 600 

480 

.156 

1.0 

680  - 140 

160 

.016 

.54 

360  - 660 

460 

.139 

.90 

940  - 380 

400 

.100 

.54 

300  - 620 

380 

.087 

.82 

820  - 200 

220 

.025 

.56 

860  - 560 

620 

.352 

.74 

880  - 220 

240 

.029 

.56 

840  - 500 

580 

.279 

.78 

Table  18.  Satellite  Spot  to  Pair  Value  Conversion  Example. 


Frequency  % Frequency  % Frequency  % 


137 


100  200  300  400  500  600  700  800  900 


Effective  Cloud  Top  Categories  (mb) 


100  200  300  400  500  600  700  800  900  100  200  300  400  500  600  700  800  900 

Effective  Cloud  Top  Categories  (mb)  Effective  Cloud  Top  Categories  (mb) 


Figure  39.  Plots  showing  comparison  between  specified  effective  cloud 
top  distributions  and  the  respective  retrieved  distribu- 
t i ons . 


Pressure  (mb) 


230  spot 


normalized  d r/din  p 

Figure  41 . Broadband  weighting  curves  for  specified  and  retrieved  two  peaked  effective  cloud  top  distribu- 
tion. 
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Pressure  (mb) 


curves.  Notice  that  errors  associated  with  u-per  tropospheric  radiat- 
ing surface  retrievals  are  the  greatest.  Figure  41  allows  direct  com- 
parison between  high  and  low  atmospheric  radiating  surfaces  and  their 
effect  on  the  weighting  curve.  Consequently  Figure  42,  which  is  the 
upper  tropospheric  single  peak  distribution  plot,  is  taken  to  represent 
the  severest  test  case.  If  retrieval  errors  are  acceptable  for  this 
case,  then  one  would  expect  them  to  be  acceptable  for  nearly  all  other 
effective  cloud  top  distributions. 

Table  8 gives  the  results  of  a statistical  analysis  of  the  dif- 
ferences between  the  plotted  curves  in  Figures  40-42.  The  statistical 
test  is  fully  explained  in  Chapter  VI.  The  values  in  Table  8 indicate 
that  for  all  cases  including  the  so-called  worse  case  there  is  a high 
probability  that  the  specified  versus  retrieved  curves  are  not  dif- 
ferent . 

From  this  experiment  It  appears  that  the  assumption  of  one  repre- 
sentative p r level  in  the  radiometer  field  of  view  leads  to  only  small 
1 wf 

errors  when  considered  for  the  case  of  compositing  weighting  function 

curves.  Of  course  for  the  single  retrieval  case,  calculating  a single 

set  of  p r and  a values  can  lead  to  a retrieved  weighting  curve  that  is 
wf 

much  different  from  the  true  one.  There  may  be  a question  of  the 
representativeness  of  the  effective  cloud  top  distributions  specified. 
Figure  16  gives  distribution  plots  of  window  radiances  which  for  the 
most  part  relate  directly  to  the  cloud  top  distribution.  Each  plot 
represents  over  900  measurements  from  a 200  x 200  km  section  for  a 
specific  time  from  a geostationary  satellite.  Notice  the  large  number 
of  1 peak  distributions.  Although  errors  in  this  window  radiance  data 
analysis  tend  to  broaden  the  peaks,  they  are  still  quite  steep  peaks. 


142 


It  appears  from  an  examination  of  Figure  16  that  the  experimental  dis- 
tributions specified  above  represent  nearly  a worse  case  consideration. 
In  other  words,  steep  peaked  distributions  imply  that  the  assumption  of 
a single  radiating  surface  is  for* many  cases  nearly  true.  The  tests 
above  address  the  problem  of  the  assumption  always  being  false. 

E . Minimizing  the  errors 

Throughout  this  Appendix  different  techniques  have  been  used  to 

minimize  retrieval  weighting  function  errors  (sometimes  in  the  form  of 

p and  a)  due  to  the  shortcomings  of  the  basic  approach  assumptions, 
wf 

These  methods  include  using  a clear  column  radiance  correction  (CCRC) 
and  stressing  the  use  of  composite  weighting  curves  instead  of  single 
scene  retrievals.  The  treatment  of  boundary  conditions  explained  in 
the  Chapter  V introduction  may  also  be  viewed  as  a device  to  limit  re- 
trieval errors. 

It  is  also  important  to  view  the  general  approach  of  using  weight- 
ing function  curves  as  a major  way  of  minimizing  errors.  Used  as  a 
representation  of  the  atmosphere's  vertical  infrared  radiative  emitting 
structure  (VIRES),  the  composite  broadband  weighting  curves  are  a meas- 
ure of  climatological  cloudiness  that  is  most  complimentary  to  the 
satellite  radiative  measurements.  As  a result,  the  conditions  under 
which  the  retrieval  of  weighting  function  curve  shape  parameters  is 
weakest  is  exactly  the  condition  under  which  the  error  effect  is  least. 
An  advantage  important  to  the  approach  of  averaging  over  time  is  the 
ability  to  use  this  retrieval  technique  day  or  night  with  equal  reli- 


ability. 


Finally,  to  minimize  errors  further  one  uses  the  best  information 
possible.  This  includes  using  retrieved  clear  sky  radiance  values.  A 
disadvantage  of  this  technique  is  that  to  use  retrieved  temperatures 
and  humidity  profiles  would  mean  solving  for  the  C and  D values  again. 

Of  course  sets  of  C and  D values  for  different  scenarios  could  be  p re- 
calculated. Then  the  set  corresponding  closest  to  the  measured  pro- 
files could  be  used.  However,  for  most  applications  simple  season 
values  of  C and  D for  specific  areas  should  be  sufficient  when  used  with 
CCRC . 

In  summary,  this  Appendix  examined  the  errors  associated  with  re- 
trieval of  the  weighting  curve  shape  parameters  or  with  the  weighting 
curve  composites.  As  indicated  by  Tables  7 and  8 the  empirical  RTE 
technique  gives  results  that  in  the  mean  represent  small  errors.  Of 
course  only  a sample  of  reasonable  simulated  error  source  values  are 
used  in  the  analysis.  Nevertheless,  the  results  indicate  that  the 
empirical  RTE  retrieval  technique  gives  usefully  accurate  results. 


BIBLIOGRAPHIC  DATA 
SHEET 

4.  Title  and  Subtitle 


l'  Re,,0«USi''AIS  - 335 


I 


f • 

L 


Dee  i p I eii  t f s Arcrss  i on 
No. 

Report  Date 


spectral  infrared  radiation 

! *■ 

7. 

Author (s) 

Michael  D.  Abel  and  Stephen  K.  Cox 

T 8. 
| 

Performing  Organiza- 
t:  Ion  Rept . No . 

9. 

Performing  Organization  Name  and  Address 

pKK 

Pro j eet /Task /Work  Unit 

Department  of  Atmospheric  Science 

! 

i 

No  . _ 

Colorado  State  University 

ill. 

Cont  ract /Grant  No . 

Fort  Collins,  Colorado  80523 

1 

NSG  5357 

12. 

Sponsoring  Organization  Name  and  Address 

il.3.’ 

Type  of  Report  & Per- 

National Aeronautics  and  Space  Administration 

i 

iod  Covered 

L 

i 14. 

- 

15.  Supplementary  Notes 


16.  Abstracts 

This  paper  introduces  a climate  index  based  on  radiative  transfer  theory  and  derived 
from  the  spectral  radiances  typically  used  to  retrieve  temperature  profiles.  This  index 
is  based  upon  the  shape  and  relative  magnitude  of  the  broadband  weighting  function.  This 
paper  describes  the  retrieval  procedure  and  investigates  error  sensitivities  of  the  method. 

Results  indicate  that  this  index  approach  is  a very  effective  use  of  satellite  radi- 
ance measurements.  Retrieval  advantages  include  the  following:  day  and  night  capability; 

no  a priori  cloud  radiative  property  assumptions;  retrieval  is  valid  when  cloud  fraction 
or  cloud  emittance  is  less  than  unity;  minimal  geometric  assumptions;  and  minimal  in- 
fluence by  undefined  low  tropospheric  emitters. 


17.  Key  Words  and  Document  Analysis.  17a.  Descriptors 

Climate  a)  Infrared  weighting  curves 

Climate  monitoring 


17b.  Ident if iers/Open-Ended  Terms 


17c.  COSATI  Field/Group 

18.  Availability  Statement 


FORM  NT IS- 35  (Rev.  3-72) 


j 1 9 . Security  Class  (This 

21.  No.  of  Pages 

Report) 

143 

UNCLASSIFIED 

20.  Security  Class  (This 

22.  P r i.  c e 

I’ay.e) 

UNCLASSIFIED 

